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ABSTRACT 
S P A C E - A N D G R O U N D - B A S E D O B S E R V A T I O N S O F P U L S A T I N G 
A U R O R A 
by 
Sarah Jones 
University of New Hampshire, May, 2010 
Pulsating aurora is a frequently occurring phenomenon generally believed to occur 
mainly in the aftermath of a substorm, resulting in widespread auroral luminosity cor-
responding to a significant transfer of power from the magnetosphere to the ionosphere. A 
handful of theories have been proposed to explain the associated precipitation mechanism, 
which have been shown to ineffectively explain certain aspects of pulsating aurora. Previ-
ous research into pulsating aurora has provided a wealth of observations, yet much remains 
unknown about this phenomenon and some previous observations are contradictory. The 
focus of this presentation is the analysis of ground- and space-based measurements of pul-
sating aurora (primarily THEMIS ASI array, Poker Flat ISR, and Rocket Observations of 
Pulsating Aurora) to provide information regarding the large-scale spatial and temporal 
evolution of pulsating aurora events and the relationship to substorms, to determine the 
altitude extent and precipitating electron distribution corresponding to pulsating aurora, 




The general topic of this dissertation is pulsating aurora which is a commonly occurring type 
of aurora, otherwise known as the northern lights. The aurora is caused when charged par-
ticles traveling along the Earth's magnetic field lines are able to penetrate into the Earth's 
atmosphere and collide with atmospheric particles. These atmospheric atoms and molecules 
are then ionized and excited, after which they return to a lower energy state by releasing the 
excess energy in the form of a photon. The precipitating charged particles which cause the 
aurora generally come from trapped particle populations within the Earth's magnetosphere 
which are then accelerated or scattered into the Earth's atmosphere by various mechanisms. 
Thus the creation of the aurora is typically a direct result of magnetospheric processes with 
the shape and motion of the aurora providing valuable information as to the nature of these 
acceleration and scattering mechanisms. 
Because the aurora provides a visual manifestation of the coupling between the magne-
tosphere and ionosphere, the study of aurora provides an important means of remote sensing 
the magnetosphere. In the case of pulsating aurora, properly characterizing the widespread 
region of pulsating aurora is critical for identifying related magnetospheric structures and 
processes. Theories have been proposed to explain possible mechanisms for imposing mod-
ulations on the electron precipitation causing pulsating aurora. For the most part, these 
theories are based on pitch-angle diffusion of electrons via wave-particle interactions be-
1 
tween the source electrons and local very low frequency (VLF) waves. However, the source 
of waves and the source of particles for the interaction are unknown. The main topic 
addressed in this work is the following: What is the source of the tens of keV electrons 
causing pulsating aurora? and are they substorm accelerated electrons? A related question, 
which will be addressed specifically by this work, is does the large-scale spatial and temporal 
structure relate to any large scale magnetospheric structures/processes? Some researchers 
have speculated that pulsating aurora is tied to the injection of high energy electrons which 
occurs during magnetic substorms; however, previous observations have not sufficiently 
established a link between the two. Recent analyses (including Jones et al. (2009) and 
Samara et al. (2010)) have also implied a link between diffuse and pulsating aurora. These 
topics will be discussed in detail in the context of observations presented in Chapters 7 
and 8. Also discussed in the context of Chapter 8 is how important is pulsating aurora 
to magneto sphere-ionosphere coupling? Previous studies have shown that pulsating aurora 
is a frequently occurring phenomenon which spans widespread regions, but little has been 
done to quantify the occurrence rate and latitude/MLT extent. The results of a secondary 
study regarding sub-keV features within measurements of pulsating aurora will be discussed 
in Chapter 9. 
Chapters 2-3 include a necessary introduction to plasma physics and the Sun-Earth 
system, while Chapter 4 provides a fairly detailed introduction to aurora in general, and 
Chapter 5 consists of a general overview of the measurement and analysis methods used in 
Chapters 7, 8, and 9 which contain the research comprising this dissertation. Chapter 6 
provides necessary background material and a comprehensive review of the current state of 
knowledge regarding pulsating aurora. 
The observations presented in Chapter 7, which is an analysis of incoherent scatter radar 
measurements of pulsating aurora, seem to suggest a link between diffuse and pulsating 
2 
aurora with the possibility that the presence of diffuse aurora is a necessary condition for 
pulsating aurora and that pulsating aurora may even be considered as a subset of diffuse 
aurora. 
The work presented in Chapter 8 is a statistical analysis of ground camera data to di-
rectly address the first question above and to provide insight into the second. First, it is 
shown that the pulsating aurora is commonly occurring and spans incredibly widespread 
regions covering several degrees in latitude and sometimes spanning the entire nightside 
and into the dayside in MLT extent. Observations of the widespread region of pulsating 
aurora (using the THEMIS all-sky imager array) show some events lasting for many hours, 
in at least one case >9 hours. This widespread region of pulsating aurora would map to 
an incredibly large region in the equatorial magnetosphere, which is thought to be the 
generation region for pulsating aurora. This widespread, long-lasting nature implies that 
pulsating aurora is an important mechanism for transferring power from the magnetosphere 
to the ionosphere and therefore plays an important role in magnetosphere-ionosphere cou-
pling. Second, it is found that the observations presented in Chapter 8 do not suggest a 
fundamental link between substorm injected electron clouds and the pulsating aurora. This 
link would be supported by conjugate observations of the two (the electron cloud and the 
pulsating aurora), which was not a goal of the study, and/or observations that show a drift 
or expansion of the region of pulsating aurora which mimics the drift of substorm injected 
electron clouds, which does not seem to be the case for all events, as presented in this 
chapter. 
Chapter 9 details preliminary research conducted in response to growing interest in a 
particular recurring feature in diffuse electron plasma sheet measurements (which in this 
study are referred to as a sub-keV electron signature), begging the question of whether or 
not such features correlate with pulsating aurora. 
3 
Finally, Chapter 10 provides the overall results of the dissertation research in the context 
of the current state of knowledge regarding pulsating aurora, and addresses each of the above 
three questions to provide further insight into pulsating aurora and to outline future steps 
toward understanding the phenomenon. 
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C H A P T E R 2 
PLASMA PHYSICS 
In order to study space plasma physics it is important to understand the underlying physics 
describing plasma interactions. Below is an overview of important aspects of plasma physics 
which will be applied in the following studies. 
2.1 Plasma - The Fourth State of Matter 
A plasma is composed of charged particles and is often referred to as the fourth state of 
matter. A plasma is defined by three plasma criteria which are determined by two plasma 
parameters, the Debye length (AD) and the plasma frequency (wps). 
If in a section of charge-neutral plasma (same number of ions and electrons) the electrons 
become displaced in one direction by a distance Ax, there will be a force which acts to 
return the electrons to their original position (assuming the more massive ions will not 
react on the much shorter timescale of the electrons). However, the electrons overshoot the 
original position causing a force which is again opposite to the electron motion. This causes 
an oscillatory motion which is that of a simple harmonic oscillator (mx = — u2x) with a 
frequency dependent on the density of the plasma, as shown below. 
p _ P_ _ n0eAx (2.1) 
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m ^ = -eE = - ^ A x (2.2) 
dtz come 
w' = (2.3) 
p
 e0me 
The Debye length of a plasma is the distance within which the charged particles electri-
cally interact with each other. This can be found by Taylor expanding Poisson's equation 
e^>(x) 
for electrons with a one-dimensional Boltzmann distribution (ne = noe kTe ), where <J?(r) is 
the electrostatic potential, and an unchanged ion distribution. 
V - £ = - V 2 $ = — = - — - -1 (2.4) 
In one dimension where no = n{\ 
eoV $ = -e(no - noefcr) = eno(efcr - 1) (2.5) 
Taking the linear term of the Taylor expansion of the right hand side (where ^r « 1) 
gives: 
60V2$ - ^ d > = V2<& - - U = 0 (2.6) 
tZ±e AjQ 
^ ^ - A j $ = £ ^ - 4 ( r $ ) = ° ^ 
$ ( r ) = £ ^ e ^ (2.8) 
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Based on these parameters a plasma is defined by three criteria. First the plasma 
must be quasineutral for typical length scales L » \p. Second the plasma must exhibit 
collective behavior and therefore must have a high enough density to sustain the Debye 
shielding potential (ne\zD » 1). And third the plasma must be collectively electrically 
dominated (u>ps » us), meaning the natural plasma oscillation frequency should be much 
greater than the collision frequency for each charged particle species, s. 
The Earth's ionosphere is the part of the atmosphere which consists of charged parti-
cles. The ionosphere consists of layers with different characteristic densities and therefore 
different plasma frequencies. The ionospheric plasma has an associated dielectric constant 
that determines wave propagation through the medium (see equation 2.10). For a plane 
wave solution the group velocity through the plasma is given by equation 2.11. For wave 
frequencies below the plasma frequency the group velocity is imaginary and therefore the 
wave cannot propagate through the plasma but is, in this case, reflected. In this way the 
density of the various quiet-time ionospheric layers (up until the density maximum) can be 
estimated by measuring the return time for transmitted radio signals of various frequencies 
which will be reflected from different altitudes based on the associated plasma density. 
e = l-ft2 (2.10) 
u 
Vg = Cyjl - {^? (2.11) 
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2.2 Single Particle Motion and Adiabatic Invariants 
In a uniform magnetic field [E = 0) the Lorentz force equation tells us that the force on 
a moving, charged particle will be F = q{v x B) which means that the parallel velocity of 
the particle will remain unchanged while the perpendicular motion of the particle will be 
modified by a force perpendicular to both B and the velocity vector. This force causes the 
particle to move in a circular trajectory around the magnetic field line, or a helical trajectory 
for particles with parallel velocity. This periodic motion is called cyclotron (or gyro) motion 
with the cyclotron radius of the charged particle, s, depending on its perpendicular energy 
and the strength of the magnetic field. 
m ^ = q(vl x B) (2.12) 
Calculating the cross product for B = Bz): 
"w-<°% ( 2 ' 1 3> 
4?=-*t <™> 
otz m 





From which we can calculate a radius: 
uc \q\B 
For this periodic cyclotron motion one can derive an adiabatic invariant which is a pa-
rameter that will remain constant for changes on a timescale much longer than the cyclotron 
period. For this motion, the adiabatic invariant is equal to the magnetic moment of the 
particle and conservation of this quantity is useful for understanding the motion of charged 
particles within the magnetosphere. 
li = IA (2.18) 
I =! = £*- (2.19) 
A = irp2c (2.20) 
p
 2B B v ' 
For example, in a dipole magnetic field the magnetic field strength is much stronger near 
the magnetic poles and reaches a minimum in the equatorial plane. As a charged particle 
moves from the equator where the field is weaker toward the pole where the field is stronger 
its perpendicular energy increases to conserve the magnetic moment. Because energy is also 
conserved the parallel energy of the particle will decrease. As the particle moves into the 
stronger field parallel energy will be converted into perpendicular energy until the parallel 
motion of the particle stops and reverses. The location where the parallel velocity goes to 
zero is called the mirror point. In the dipole magnetic field a particle will mirror at both 
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the north and south poles resulting in a periodic bounce motion. Bounce motion is also 
associated with an adiabatic invariant that ensures that for changes on a timescale much 
longer than the bounce period (on the order of minutes for keV electrons in the geomagnetic 
field) the particle will have a closed orbit. 
An electric field, perpendicular to the magnetic field, will cause the radius of the particle 
motion to be larger than the gyroradius on one side of the particle orbit and smaller than 
the gyroradius on the other side which results in a constant drift of the center point of the 
gyromotion (called the guiding center) in the direction perpendicular to both E and B. This 
UE x B drift is independent of the particle mass and charge resulting in ions and electrons 
drifting in the same direction with the same drift speed. 
Magnetic field gradients and curvature of the field lines also cause a guiding center drift. 
For a magnetic dipole the two cause azimuthal drift such that the guiding centers of the 
gyrating particles are able to drift across magnetic field lines. The Earth has a distorted 
dipole field and therefore the drift is not strictly azimuthal but in conserving the second 
adiabatic invariant the motion of a charged particle around the Earth will be a closed orbit. 
For magnetospheric charged particles with low energies, E x B drift dominates because 
the gradient and curvature drifts are dependent on energy. In the Earth's plasmasphere, 
the rotation of the dipole magnetic field induces a corotation electric field which causes the 
plasma to corotate. In this sense, the plasmasphere is often considered to be an extension 
of the Earth's ionosphere. The higher energy plasmas farther out in the magnetosphere 
are dominated by gradient and curvature drifts that cause charge separation and therefore 
currents such as the magnetospheric ring current. 
Several populations of charged particles (for example in the radiation belts) within the 
magnetosphere are trapped in this way, drifting and bouncing adiabatically within the 
magnetic bottle of the converging field lines. 
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2.3 Pitch Angle and Loss Cone 
The angle between the particle velocity and magnetic field vectors is called the pitch-angle. 
Knowing the pitch-angle of a charged particle at the magnetic equator determines the mirror 
point,which is the point where the pitch-angle of the particle is 90° (and the parallel velocity 
is zero). The smaller the pitch-angle at the magnetic equator (the point along the magnetic 
field line where the magnitude of the field is weakest), the farther the particle will travel 
along the magnetic field before mirroring. 
In the magnetosphere, for some range of small equatorial pitch-angles (the range de-
pending on magnetic field properties) the particle will travel far enough along the magnetic 
field line to reach the Earth's atmosphere where collisions with neutral particles become 
significant. The particle will then lose energy through collisions and may be lost to the at-
mosphere after a few mirrorings. Particles within this range of pitch-angles are considered 
to be within the loss cone. 
2.4 Pitch-Angle Scattering by Cyclotron Resonance 
Magnetospheric charged particles with pitch-angles that are not within the loss cone will be 
stably trapped, meaning that due to a high altitude mirror point they will not be scattered 
into the atmosphere by collisions with neutral particles (as described in the last section). 
However, if the pitch-angle of the trapped particle somehow changes so that it is within the 
loss cone, the mirror point will be changed to a lower altitude where the particle will be 
scattered into the atmosphere via collisions. Pitch-angle scattering is the name given to the 
process through which the pitch-angle of a stably trapped, charged particle is changed so 
that it falls within the loss cone. Typically this occurs through wave-particle interactions 
such as those described below. 
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Figure 2-1: The particle's Doppler shifted cyclotron frequency compares with the wave 
frequency such that in the frame of the electron the electric field is static. 
Particles can be scattered into the loss cone by an interaction between the particles 
and waves, called the cyclotron resonance interaction (CRI). For the aurora, we are mainly 
concerned with the pitch-angle scattering of electrons. The electric field vector of the wave, 
perpendicular to the local magnetic field, rotates around the magnetic field with some 
frequency. If this wave frequency (typically very low frequency (VLF) in the range of 3-
30 kHz, which includes whistler mode waves and electron cyclotron harmonic (ECH) waves) 
is comparable to the Doppler-shifted cyclotron frequency of the electron (see Equation 2.22) 
then an electron will be accelerated or deccelerated by the wave according to the phase 
of its gyromotion. (Figure 2-1 shows the case of the cyclotron motion of an electron in 
phase with the electric field oscillations of a wave.) The electric field will be static in the 
frame of the electron and the motion of the the electron will result in power gain or loss 
(Pavg = AW/At = Fd/t = qE-v). 
u = nc- kv/f (2.22) 
The typical pitch-angle diffusion process is described by Kennel & Petschek (1966). VLF 
waves grow due to anisotropies in the local trapped electron distributions, where the growth 
rate depends on the number of resonant particles. The VLF waves are amplified while 
electrons are gradually scattered into the loss cone. However, this scattering of electrons 
into the loss cone causes a more isotropic local electron distribution, then causing the 
waves to damp. Therefore, maintaining a continuous diffusion of particles into the loss cone 
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requires a balance of wave growth and particle precipitation. As particles precipitate there 
must be a source of fresh particles for the scattering, and as waves dissipate there must be 
a source of new wave power. This process is thought to occur nearly continuously in the 
magnetosphere producing the diffuse aurora. 
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CHAPTER 3 
T H E SUN-EARTH SYSTEM 
The Earth and its magnetic field lie in the heliosphere which is the section of the universe 
which is influenced by the Sun's magnetic field. Thus, space weather on Earth is often 
correlated with solar activity. It is important to understand basic solar phenomena, how 
energy is transferred from the Sun to the Earth, and how interactions within the Sun-Earth 
system affect the Earth's magnetosphere. 
3.1 The Sun and Solar Wind 
As the Sun rotates, it continually emits a stream of solar plasma which drags with it part 
of the Sun's magnetic field. Upon leaving the Sun these flux tubes become known as the 
interplanetary magnetic field (IMF). In a collisionless plasma (ideal magnetohydrodynamics 
(MHD) conditions) the IMF and solar plasma are tied together or, in other words, the field 
is frozen-in to the plasma. The constantly out-flowing particles and field are referred to 
as the solar wind and are emitted radially outward from the Sun as it rotates, causing the 
IMF to be stretched into a shape much like that traced out by water droplets emitted from 
a garden sprinkler. For constant solar wind speeds this is an Archimedean spiral. 
The Earth is positioned within the flow of the solar wind and the shape of the Earth's 
magnetosphere, which would otherwise be a near perfect dipole (think iron filings over a 
bar magnet), is distorted into something that is quite different, as illustrated in Figure 3-1. 
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Figure 3-1: Artist rendition of the Sun-Earth system, note that the magnetosphere is highly 
distorted from the dipole form (NASA). 
When the solar wind encounters the magnetosphere the flow must slow from supersonic 
to subsonic speed creating a bowshock at the boundary between the solar wind and the 
magnetosphere, before the Earth's magnetopause. The shape of the magnetopause is defined 
as the surface where the magnetic pressure of the magnetosphere equals the solar wind 
pressure. The magnetopause current (see Figure 3-2 discussed below) provides the force 
necessary (j x B) to " balance the rate of change of solar-wind momentum or to divert the 
solar-wind flow" (Kivelson & Russell 1995). The Sunward side of the magnetosphere is 
compressed toward the Earth and the anti-Sunward side of the magnetosphere is stretched, 
via convection of the magnetospheric field lines, into an elongated "tail". 
The magnetosphere provides protection by deflecting much of the solar wind particles 
and other dangerous radiation away from the Earth. However, under certain conditions 
the magnetosphere can become extremely compressed leaving certain satellite orbits ex-
posed and vulnerable and often resulting in expensive radiation damage. Predicting such 
occurrences is a motivating factor for developing space weather forecasting. 
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3.2 The Earth 's Magnetosphere 
Names have been given to the different regions with trapped plasma populations within the 
magnetosphere. The tail of the magnetosphere is flanked by the tail lobes which are regions 
of tenuous plasma. The region of nearly dipolar field lines in the near-Earth magnetosphere 
contains the population of plasma which co-rotates with the Earth. It is known as the 
plasmasphere and is often considered an extension of the ionosphere. The outer boundary 
of the plasmasphere is the plasmapause, outside of which on the nightside is the plasma 
sheet, containing the plasma population that is responsible for causing much of the aurora. 
At around 3-5 Earth radii is the ring current which is caused by the azimuthal gradient and 
curvature drifts of charged particles trapped in the magnetosphere. Higher energy electrons 
are trapped in the radiation belts which encircle the Earth at around 1-2 and 4-5 Earth 
radii. The inner radiation belt is populated by energetic protons resulting from collisions 
between cosmic rays and the atmosphere. The outer radiation belt is collocated with the 
ring current and could be thought to consist of the most energetic component of the ring 
current population. 
At discontinuities in the Earth's magnetic field are currents. One such example is the 
cross tail current that separates the stretched magnetic fields lines leaving from the magnetic 
north pole and returning to the magnetic south pole within the tail. The cross tail current 
then closes above and below via the magnetopause current which, in the dayside, closes par-
tially within the ionosphere via field-aligned currents and partly within the magnetopause 
itself. The main ionospheric currents are classified as Pedersen (parallel to the ionospheric 
convection electric field), Hall (perpendicular), and Cowling (combination) currents. 
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Figure 3-2: Magnetosphere illustration showing various regions and currents associated with 
magnetic field boundaries, (with permission from Tony Lui) 
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Figure 3-3: Illustration of reconnection site, the two magnetic separatrices (dashed lines) 
separate four regions. Field lines and frozen-in plasma move inward from the top and 
bottom of the figure toward the reconnection site at the center and a current develops 
(into the plane of the figure) between the oppositely directed magnetic field lines. After 
reconnection occurs there is a new magnetic field configuration with plasma and field lines 
moving outward to the sides of the figure. The actual process of magnetic reconnection is 
not completely understood. (Wikipedia, public domain image) 
3.3 Magnetic Reconnection 
The IMF is able to interact with the Earth's magnetosphere via magnetic reconnection. 
Vacuum superposition, where the IMF is superimposed on the Earth's magnetic field, results 
in null points, or separatrices, where the magnetic field vanishes. In 1961, Dungey showed 
that current sheets develop at these null points for small field perturbations. Magnetic 
reconnection in resistive MHD occurs as the plasma resistance inhibits the development of 
the current sheet. Plasma and the oppositely directed magnetic fluxes then diffuse into the 
region and magnetic tension expels the plasma outward in the perpendicular direction (see 
Figure 3-3 which is an illustration of the reconnection site at one of these null points). Thus, 
reconnection can be observed as either a change in magnetic field topology or as plasma 
transport across magnetic separatrices. 
Here the IMF is referred to in Geocentric Solar Ecliptic (GSE) coordinates where the 
x-axis points from the Earth to the Sun, the z-axis is parallel to the ecliptic pole, and the 
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y-axis completes the right handed coordinate system (pointing toward dusk). Ignoring the 
x- and y-components of the IMF, in the simple case of a southward IMF B2-component, the 
J52-components of the IMF and of the dayside magnetopause are anti-parallel and so vacuum 
superposition results in a single null point at the dayside magnetopause. However, in the 
case of a northward IMF 52-component, the I?2-components of the IMF and of the dayside 
magnetopause are parallel but the IMF £?2-component is anti-parallel to the nightside closed 
field lines resulting in two separate null points. These different configurations result in 
different ionospheric convection patterns as described in the next section. 
3.4 Plasma Entry and Convection 
Some solar wind particles are able to enter the Earth's magnetosphere via the cusp which 
separates closed and open magnetic field lines. This occurs by the process of magnetic 
reconnection that results in a reconfiguration of magnetic field lines at the reconnection site 
causing the outer, closed field lines of the dayside magnetosphere (for steady, southward 
IMF) to become open field lines frozen-in to solar wind plasma. These field lines then 
convect tailward. Some particles are then able to penetrate into the Earth's ionosphere. 
The magnetic flux in the dayside magnetosphere is conserved by open field lines in the tail 
reconnecting to form closed field lines which then convect back to the dayside. 
The footprints of the convecting field lines are tied to the Earth's ionosphere where 
magnetic reconnection translates into ionospheric convection causing ionospheric convection 
electric fields and plasma flow in a two-celled configuration for southward IMF or a more 
complicated four-celled configuration for northward IMF (see Figure 3-4 for a statistical map 
of magnetospheric convection derived from data from the CLUSTER spacecraft Electron 
Drift Instrument, EDI). The size and orientation of the convections cells have been shown 
to depend on the y-component of the IMF. 
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Figure 3-4: CLUSTER statistical convection maps created using data from the Electron 
Drift Instrument for southward and northward IMF (with permission from S. Haaland, 
Max-Planck Inst, ESA). 
3.5 The Ionosphere and Neutral Atmosphere 
Above the bulk of the atmosphere, near one thousand kilometers above the surface of the 
Earth, the plasma population can generally be considered collisionless, in that the ion and 
electron collision frequencies are so low that behavior of the plasma is not modified by 
collisions. However, this is not true in the ionosphere, where neutral particle collisions 
become significant. 
The Earth's ionosphere forms due to solar photoionization where photons from the Sun 
ionize the atmospheric particles down to an altitude of approximately 50 km. Over time, 
the ions and electrons recombine, thus the nighttime ionosphere, which is not being replen-
ished continuously by photoionization, is much lower in plasma density. Different layers of 
ionization form at certain altitudes, allowing us to define distinct regions of the ionosphere, 
some of which are no longer present in the nighttime ionosphere due to recombination. 
For uniform, perpendicular electric fields (perpendicular to the local magnetic field) in 
the collisionless plasma, charged particles will undergo ExB drift. However, as the collision 
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frequency increases at lower altitudes in the Earth's atmosphere, the direction of particle 
drift is rotated toward the direction of E since the particles are no longer able to complete 
a gyration around the local magnetic field line. Note that this happens for ions at higher 
altitudes (lower densities) than for electrons due to the larger ion gyroradius. The density 
and overall drift direction for the charge carriers determines the Pedersen/Hall conductivity 
at a given altitude. The Pedersen conductivity peaks at around 125 km due to ions drifting 
along E; whereas the Hall conductivity peaks at around 105 km due to the fact that the 
electrons still undergo ExB drift while the ions are drifting along E. 
Cowling currents are created when ExB drift of the particles is impeded. For example, 
if there is a sharp discontinuity in the Hall conductivity, or in other words there is a thin 
layer of high Hall conductance, the particles will originally drift in the ExB direction but 
negative charge will build at the boundary causing a polarization electric field in the opposite 
direction. The charges will then ExB drift with respect to this new electric field causing an 
addition to the Pedersen current. This is the cause of the current known as the equatorial 
electrojet where the magnetic field is horizontal and thus drift of electrons causes a buildup 




4.1 Auroral Sounding Rockets 
The aurora (otherwise known as the northern lights) is a beautiful display of the effect 
of space weather on the Earth's magnetosphere. Energy is transferred from the Sun to 
the Earth via the solar wind and coupling is achieved between the Earth's magnetosphere 
and the ionosphere where the aurora is formed. The aurora is one of the only visible 
manifestations of the many complex processes going on within the Sun-Earth system, and 
thus auroral physics can provide a unique perspective on many space plasma topics. 
Observations of the aurora have been made not only from the ground but also from 
balloons, sounding rockets, and satellites. Each of these platforms has advantages and 
disadvantages. Rocket-born instruments can measure the same quantities as those onboard 
satellites but can often better resolve temporal variations due to the slower motion of 
the rocket footprint, because more measurements may be obtained for a particular spatial 
structure. An advantage of using sounding rockets for auroral physics is the ability to choose 
a particular launch time and location, and therefore a particular geophysical event, based 
on current local parameters, and to coordinate with ground observations for coverage of 
the chosen event. Figure 4-1 is a photo of the launch of Rocket Observations of Pulsating 
Aurora on February 12, 2007. 
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Figure 4-1: Launch of four-stage sounding rocket for Rocket Observations of Pulsating 
Aurora (ROPA) on February 12, 2007. (photo courtesy of Todd Valentic, SRI International) 
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4.2 General Information 
Precipitating electrons (or protons) lose energy to the atmosphere via collisions with at-
mospheric particles (including ionospheric ions, neutral atoms, and molecules) producing 
effects such as heating, dissociation of atmospheric molecules, and aurora. Electrons can 
also lose energy to the atmosphere through Bremsstrahlung radiation (high energy precip-
itation causing X-ray aurora). Collisions causing the aurora result in excitation and often 
ionoization of the atmospheric particles. The excited particles then de-excite by emitting a 
photon. 
Unlike Sunlight, which consists of a continuous color spectrum, the light of the aurora 
consists of discrete emission lines of very narrow bandwidth. The brightness of the aurora 
is typically measured in Rayleighs, which is a unit of optical intensity. Approximately 1 kR 
corresponds to the visual threshold of the eye for 557.7 nm, or an IBC I aurora. 
Many of the auroral emissions lines are forbidden transitions or emissions from meta-
stable excited states with very long lifetimes. Thus the emission is not likely to occur below 
a certain altitude where the collision frequency is high enough that the particle will be 
collisionally de-excited (quenched) before emitting a photon. Two of the brightest auroral 
emissions are forbidden lines of atomic oxygen-the red line, which is a doublet at 630 and 
634 nm and the green line at 557.7 nm. The atomic-oxygen red line has a lifetime on the 
order of one minute and is quenched below an altitude of around 200 km. The green line 
has a shorter lifetime on the order of a second and therefore is quenched below an altitude 
of around 100 km. 
Other emissions occur nearly instantaneously, such as the often used molecular nitrogen 
blue line at 428 nm. Optical measurements are often bandpass filtered for instantaneous 
emissions so that the effect of changes in the incident electron precipitation will appear im-
mediately in the optical data rather than be smoothed out by the long lifetime of forbidden 
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transitions. 
The occurrence rate of the various emissions depends on atmospheric composition and 
the density or quenching rate, both of which depend on altitude. The atmospheric com-
position is determined at higher altitudes mainly by mass (heavier particles sinking lower 
into the ionosphere) but at lower altitudes is more complicated. The altitude of the au-
roral luminosity depends on incident particle energy because higher energy particles will 
penetrate further into the ionosphere. Also note that the excitation cross-section for each 
emission (which is something like the probability for that emission to occur) depends on 
incident particle energy and peaks in the hundreds of eV, so a 10 keV electron will cause 
more emissions lower in the atmosphere once the particle has lost much of that original 
energy. 
With the above information, the resulting auroral emissions can be predicted for var-
ious precipitating electron distributions using a model for atmospheric composition. This 
is a forward model which calculates auroral emissions from the input electron distribution. 
Using inverse methods (see Section 5.3), optical observations of aurora, filtered for various 
wavelengths, can be used to estimate the incident electron spectrum producing the mea-
sured emissions. A crude estimation of the average incident electron energy (assuming a 
Maxwellian distribution) can be calculated by taking ratios of the brightness of two carefully 
chosen aurora emissions (Rees & Luckey 1974); this method of estimation is often used in 
the analysis of photometric measurements of the aurora. 
4.3 Types of Aurora 
The precipitating electrons producing the aurora generally originate from trapped particle 
populations within the magnetosphere. These particles are then accelerated, by one of a 
few possible processes, or scattered into the loss cone. The three main mechanisms for 
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moving trapped particles into the loss cone are pitch-angle diffusion, causing diffuse aurora; 
acceleration through a U-shaped potential structure, causing discrete inverted-V aurora; 
and acceleration by Alfven waves, causing a more-or-less discrete aurora with no appreciable 
ionospheric current. 
Inverted-V aurorae are caused by electrons accelerated through a U-shaped potential 
region in the near-Earth ionosphere. Measurements of energy flux of the incoming electrons 
are maximum at the center of the arc structure. Just below the acceleration region the 
associated pitch-angle distribution is anisotropic in the direction of the field, but it will 
isotropise as the electrons precipitate into the ionosphere. These upward current regions 
(down-flowing electrons) are usually paired with nearby downward current regions forming 
a closed current loop coupling the ionosphere and magnetosphere. 
In diffuse aurora, the precipitating particles undergo pitch-angle diffusion and therefore 
have an isotropic, hemispheric (downward) pitch-angle distribution when measured in the 
ionosphere. Diffuse aurora is widespread throughout the auroral oval; whereas, Alfvenic 
aurorae typically occur more poleward and are characterized by precipitating electrons 
with a very broad energy range down to thermal energies. 
4.4 Auroral Storms and Substorms 
Geomagnetic storms are geomagnetic disturbances that develop over the course of a couple of 
days during which a prolonged solar wind anomaly, such as a coronal mass ejection, interacts 
with the Earth causing the strength of the ring current to increase through injection of ring 
current particles. The effect of this increased current is seen as a decrease in magnetic 
field strength as measured on the ground at low latitudes. Geomagnetic storms are also 
associated with an expansion of the auroral oval to lower latitudes. 
This is different from the repetitive behavior of the aurora on a timescale of an hour 
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(b) 
Figure 4-2: Auroral substorm and pulsating aurora over northern Finland-2004 March 14. 
(courtesy of Robert Wagner, Max-Planck Inst) 
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or two over the course of a night. This phenomenon is known as an auroral substorm 
and is directly tied to processes occurring within the magnetospheric tail, called a magnetic 
substorm. The characteristic behavior of the aurora during a magnetic substorm is described 
as follows. One or more stable auroral arcs develop and will rapidly brighten after which the 
discrete arc system near magnetic midnight will expand northward, bend, and expand to the 
west in a westward traveling surge. Dynamic auroral arcs and pulsating auroral patches will 
develop equatorward and spread southward. Over time this activity will fade and conditions 
will return to those of the beginning of the substorm, with the cycle often repeating. The 
substorm sequence can be characterized as three separate phases (or four, including the 
initial quiet time) referred to as the growth phase, expansion phase, and recovery phase. 
The growth phase of a substorm is thought to occur often during periods of prolonged 
southward IMF conditions, with magnetic flux being stripped from the dayside magneto-
sphere (causing compression of the dayside if accompanied by increased solar wind pressure) 
and then transferred to the tail. The inner boundary of the plasma sheet moves inward, 
decreasing the equatorial magnetic field at these distances. The tail of the magnetosphere 
stretches and thins. During the expansion phase, the magnetic field structure of the tail 
dipolarizes returning to the initial configuration and in the process, particles are accelerated 
along the closed magnetic field lines causing discrete aurora. This is when the auroral ef-
fects, described as break-up aurora, can be observed. During the recovery phase, the aurora 
ceases poleward expansion and the typical plasma convection and drift motion resumes. At 
this stage, pulsating patches are often observed. 
Because substorms are associated with the stretching of the magnetospheric tail, the 
main auroral features are seen on the night side with substorm onset occurring near magnetic 
midnight. Recovery phase phenomena then occur post-midnight or in the morning sector 
of the ionosphere. Figure 4.3 shows an image of substorm breakup aurora and subsequent 
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pulsating aurora, one hour later. Pulsating aurora, described in Chapter 6, has traditionally 
been thought of as a substorm recovery phase phenomenon. 
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CHAPTER 5 
MEASUREMENTS AND METHODS 
The work presented in this dissertation primarily makes use of ground-based measurements 
from Alaska and Canada in January and February of 2007 and for the 2007-2008 winter 
season and space-based measurements from the Rocket Observations of Pulsating Aurora 
(ROPA) sounding rocket and REIMEI satellite. The instruments and methods will be 
further described below. 
5.1 Rocket Observations of Pulsating Aurora (ROPA) 
The purpose of the ROPA sounding rocket mission was to investigate various aspects of 
pulsating aurora, including the spatial distribution of patches during a pulsating event, 
characteristics of electrons and ions associated with the patches, current closure in pulsating 
patches, and the possible correlation of the patch drift with ionospheric convection. The 
main objectives of the mission included acquiring large-scale, topside images of a pulsating 
auroral region and investigating current closure associated with pulsating patches. 
The ROPA sounding rocket launched from Poker Flat Research Range, 30 miles north 
of Fairbanks, AK, on February 12, 2007 at 1245 UT (01:08 MLT). The event was typical 
of pulsating aurora events observed during the ROPA mission; patchy structure developed 
within widespread diffuse aurora after a small substorm break-up with the patches gradually 
beginning to pulsate over time. Pulsations began at approximately 1122 UT (23:45 MLT) 
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as identified using the Poker Flat all-sky camera, during the substorm recovery phase, and 
continued for over two hours. The modulation was seen to vary from one patch to another 
with no apparent phase coherence. 
Consistent with the broad objective to obtain information about pulsating aurora over 
an extended region, ROPA incorporated the use of two Fly Away Detector (FAD) sub-
payloads. Each FAD included a science-grade magnetometer, a GPS receiver and a Hemi-
spherical Electrostatic Energy and Pitch-angle Spectrometer (HEEPS) tophat electrostatic 
analyzer (ESA). The FADs incorporated small rocket motors to achieve separation veloc-
ities of 15-20 m/s to provide simultaneous, multipoint observations with separations on 
the order of 7-10 km (a significant fraction of typical patch sizes) at apogee. The ROPA 
main payload instrumentation included an imager filtered at 558 nm, another imager at 
428 nm, a solid state electron detector, an electron HEEPS and an ion HEEPS. A subpay-
load, to be separated at minimal separation speed, consisted of a Cornell Wire Boom Yo-yo 
(COWBOY) system to acquire electric field measurements, a science-grade magnetometer, 
an electron retarding potential analyzer (ERPA), and GPS receiver. The Japanese small 
satellite REIMEI, which is instrumented with imagers at three different wavelengths and 
electron and ion ESAs, passed through the field-of-view of the Poker Flat all-sky camera 
during the pulsating aurora event at approximately 1143-1145 UT (00:06-00:08 MLT) pro-
viding ESA measurements of the precipitating electrons in the range of 10 eV to 20 keV for 
comparison with the optical measurements, as referenced in the following studies. 
Approximately one hour later, the ROPA sounding rocket launched at 1245 UT (01:08 MLT), 
crossing the poleward boundary of the pulsating aurora and the poleward boundary of the 
diffuse electron plasma sheet, with instrument turn-on occurring at approximately 220 s 
flight time. Data from the ROPA main payload ESA are shown in the following studies. 
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5.2 Advanced Modular Incoherent Scatter Radar (AMISR) 
An Advanced Modular Incoherent Scatter Radar (AMISR) was installed at Poker Flat 
Research Range, just north of Fairbanks, Alaska, at the end of 2006 to provide support for 
rocket missions, including ROPA which was to launch during that winter season. Incoherent 
scatter radar makes an active measurement of the ionosphere by transmitting a signal along 
a certain look direction which will then interact with the ionosphere producing a return 
signal that provides information about variations in ionospheric density. More information 
about incoherent scatter radar is provided below. During the ROPA launch window in 
January and February 2007, as the team watched for a promising event with appropriate 
launch conditions, the Poker Flat Incoherent Scatter Radar (PFISR) was in operation during 
four pulsating aurora events providing estimates of ionospheric electron density vs. altitude. 
Densities for the four events, from the beam direction along the local magnetic field line, 
are analyzed and used with various numerical methods and presented in Chapter 7. 
An incoherent scatter radar (ISR) is an active instrument, meaning it causes changes in 
the environment in order to make measurements, which works by sending a radar beam into 
the ionosphere. The beam then interacts with the ionospheric particles and causes them 
to oscillate. The charges cause their own, much weaker, radiation that is then detected by 
the ISR. Since electrons are more mobile than ions, the returned incoherent scatter spectra 
consist of a combination of lines at the electron plasma frequency and at the ion acoustic 
frequency, due to radiation resulting from the motion of the electron cloud surrounding the 
positive charges. Landau damping due to wave-particle interactions spreads the ion acoustic 
peak so that the positive and negative frequency peaks blend together (see Figure 5-1 for 
an illustration of the ISR spectrum). The ion acoustic peak can be used to determine the 
ion temperature and average ion mass, electron to ion temperature ratio (from the observed 






Figure 5-1: Illustration of ISR spectra showing peaks at both the electron plasma frequency 
and the ion acoustic frequency, without and with Landau damping effects. 
from which we can estimate ionospheric electric fields by assuming E x B drift of the ions. 
Since the radar scattering is a stochastic process, several return pulses must be averaged 
together to provide proper statistics with a reasonably low error percentage, affecting the 
time resolution of the measurement with quiet conditions requiring less averaging. 
Unlike the traditional dish antenna ISRs which are mechanically rotated to achieve 
the desired look-direction, the relatively new Advanced Modular Incoherent Scatter Radar 
(AMISRs) is a spaced array of antennas which produce signals that can be phased in such 
a way as to point the main radar beam in nearly any direction within the field of view 
of the instrument (see Figure 5-2 for a conceptual drawing of AMISR). In the case of the 
AMISRs, specific beam look-directions have been strategically chosen to be available for use 
providing options for several useful beam configurations including square arrays of beams 
for "imaging" at particular altitudes as well as fans of beams for altitude profiles of density 
at a particular down-range location and a beam with look-direction along the local magnetic 
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Figure 5-2: Conceptual drawing of AMISR antenna array with aurora in background (with 
permission from Craig Heinselman, SRI International). 
field line. 
The antenna phasing can be changed to achieve a new look-direction much more quickly 
than for a dish antenna. Thus several look-directions can be used "at once" by cyclically 
stepping from one look-direction to another; however, the time resolution of the measure-
ments will decrease (or the error will increase) with increased numbers of look-directions. 
Also, increasing range resolution requires larger receiver bandwidth which decreases the 
signal-to-noise ratio of the measurement, further reducing the time resolution. Therefore, 
it is important to use the minimum number of look-directions and the minimum range 
resolution possible to obtain a reasonable data set. In addition to the time required to 
send and receive each pulse there is an inter-pulse period (IPP) during which, for example, 
look-directions are changed, coding of pulses is determined, calibration pulses are sent, and 
background noise levels are measured. 
Various pulse codes can be used to obtain particular types of information. Often when 
studying aurora we are most interested in properties of the ionospheric E-region. Barker 
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codes are well equipped to provide quick estimates of "raw" ionospheric densities at these 
altitudes. However, without temperature information, requiring a different pulse code, these 
"raw" densities (raw due to an uncertain loss of signal power due to temperature effects) 
cannot be corrected which can cause densities to be off by around a factor of 2 under normal 
conditions. Alternating codes provide the spectral information necessary for this correction 
at the expense of temporal resolution. Usable spectra often require integration times of 
around a couple of minutes [Craig Heinselman, personal communication]. 
5.3 Inverse Methods 
The first numerical method used in Chapter 7 is an inverse method to infer the shape of 
the precipitating electron distribution vs. energy which would have caused an ionospheric 
electron density profile vs. altitude like that measured by PFISR. The presence of au-
rora causes local enhancements in the ionospheric electron density since the precipitating 
electrons causing the aurora both excite and ionize the atmospheric atoms and molecules 
involved in the collisons. The ionization rate will depend on altitude for several reason; 
for example, the ionization cross section for molecular nitrogen peaks in the hundreds of 
eV range and therefore higher energy precipitating electrons will cause ionization at lower 
altitudes (see Figure 5-3), as they will travel further before having lost sufficient energy 
to fall within this peak in the ionization cross section. Having a forward model for these 
interactions between the precipitating electrons and the neutral atmosphere, i.e. being able 
to calculate the ionospheric electron density profile resulting from a given precipitating elec-
tron distribution, allows one to estimate via numerical inversion the precipitating electron 
distribution associated with a given electron density profile. The process is typically iter-
ative, starting with an initial guess for the precipitating electron profile which is used to 
calculate an ionospheric electron density profile for comparison with the measured PFISR 
35 
profile. The calculated and measured profiles are then compared and the initial guess is 
modified to produce a calculated profile that better matches the measured profile. After 
several iterations the profile calculated from the guessed precipitating electron distribution 
will ideally converge toward a reasonable approximation of the measured profile. In this 
case, the resulting estimated precipitating electron distribution can carefully be used as an 
approximation of the distribution associated with the measured ionospheric electron density 
profile. 
The general topic of inverse methods is described here in the context of image post 
processing performed on data from one of the ROPA onboard imagers. Sample results of 
the deconvolution are provided in Figure 5.3. Due to noise in the data causing amplified 
noise artifacts in the post processed images the results have not be used for specific science 
applications. However, the general application of inverse methods is important for a wide 
variety of applications including analysis of incoherent scatter radar data and the numerical 
inversions presented in chapter 9. 
When an image, or data set, is taken the resulting measured data (I) differs from the 
actual object information (O) due to various factors which, for imaging, may include point 
spread function or modulation transfer function of the camera and optics, distortion due 
to the optics, blurring due to motion of the camera, chromatic aberrations, etc. These 
small manipulations of the object information can be expressed as a convolution operator 
(D) acting on the original object to produce the resulting image. In addition, there will be 
camera noise (N) which is additive, resulting in the following relationship: 
I = DO-N (5.1) 
Ideally, through extensive calibration testing, any constant noise signals will be known 
almost exactly and can be subtracted from I. Then, assuming that any random or Gaussian 
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Figure 5-3: Comparison of the ionization rates obtained from three methods using same 
MSIS modeled atmosphere; note dependence of ionization rate on altitude, location of peak 
changes in altitude for various incident electron energies (Figure 3 of Fang et al. (2008), 
with permission from Journal of Geophysical Research). 
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noise will be negligible due to a high signal-to-noise ratio the relationship is I = DO. This 
equation can then be inverted, and can sometimes be inverted even with residual noise 
components; however, the problem is not well defined. The problem is ill posed, because it 
does not have a unique solution and any solution is unstable. Therefore, small changes in the 
image (data) due to noise, or often due to over-filtering to remove noise, can cause drastic 
changes in the resulting solution. Therefore it is often better to perform some method of 
deconvolution that is less sensitive to noise in the image and then filter the noise afterward. 
A common method of deconvolution is to use an iterative process, starting with a guess 
object O (often a flat grey image) which is acted on by the deconvolution operator and 
then compared with the image data. At each iteration, the guess image is modified in such 
a way that the resulting deconvolved image converges toward the image data. Since the 
solution is not unique, this iterative process will converge to one of many possible solutions, 
therefore one must apply appropriate constraints (e.g. non negativity, smooth solution) in 
order to converge on an acceptable solution. Various methods and constraints as well as 
various descriptions of the non-additive noise can be used to converge upon a solution, some 
with more success than others for a particular case; two popular methods include maximum 
likelihood (such as least squares) and maximum entropy. The maximum entropy method is 
known for better tolerance of noise remnants in the images; however, most deconvolution 
processes will amplify noise and produce noise artifacts in the resulting post processed 
image. 
Because a sounding rocket payload spins for attitude stability, the ROPA cameras, which 
were mounted on the aft end of the payload, contained CCDs which were mechanically de-
spun to minimize blurring in the images. However, due to a leaking valve in the payload 
attitude control system the final payload spin rate was 0.8 Hz, rather than the specified 
rate of 1 Hz, meaning approximately 24 degrees of azimuthal blurring for each image with 
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Figure 5-4: The first image in the top row is the measured data, followed by the additive 
noise obtained by averaging several dark frames, then the result of subtracting the additive 
noise, and finally a lightly filtered version of the image. The second row contains possible de-
blurred image solutions, first by a crude direct inversion, second by a simple minimum norm 
method, and finally using the maximum entropy method which for these cases provided the 
best results. 
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the specified 1/3 second integration time. Thus the blurring was fairly severe, especially 
toward the outer edges of the images, and may have been difficult to de-blur through post 
processing even without fairly significant noise effects. 
In Figure 5.3 are example results from various methods of post processing of a less noisy 
image and a severely noisy image from the ROPA data. For each example, the first image 
in the top row is the measured data, followed by the additive noise obtained by averaging 
several dark frames, then the result of subtracting the additive noise, and finally a lightly 
filtered version of the image. The second row contains possible de-blurred image solutions, 
first by a crude direct inversion, second by a simple minimum norm method, and finally 




6.1 Characteristics of Pulsating Aurora 
The patchy structure described in The Last Rocket Club by Thomas Mallon (Southwest 
Review, 1992) as thin luminous gruel is typical of pulsating aurora. It is characterized by 
quasi-periodic brightness modulations with periods ranging from 2 to 20 s, or 8 s on average 
(Royrvik & Davis 1977). The patches, which can span tens to hundreds of km, vary greatly 
in shape and size, with the shape changing on a timescale of minutes (Johnstone 1978). 
Streaming is often seen in the patches with brightening in one area that expands outward 
during the pulsation. Pulsating aurora is generally quite dim, often sub-visual, with a 
typical brightness in the range of hundreds of R to a few kR in the 427.8 nm emission. 
Excellent reviews of pulsating aurora have been presented by Davis (1978), Johnstone 
(1978), Johnstone (1983), Sandahl (1985) and Davidson (1990). It is generally believed 
that pulsating aurora is caused by energetic electrons (Smith et al. 1980, McEwen et al. 
1981), precipitating by pitch angle diffusion in the vicinity of the equatorial regions of the 
magnetosphere (Davidson 19866,a, Huang et al. 1990). The location of the source region 
has been estimated based on two forms of analysis: first, velocity dispersion analyses of 
sounding rocket observations of energetic electrons in conjunction with pulsating aurora 
(for example, Bryant et al. (1975), Smith et al. (1980), McEwen et al. (1981), Yau et al. 
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(1981) and Sandahl (1985)) and second, observations of magnetically conjugate pulsating 
aurora events (for example, Belon et al. (1969), Gokhberg et al. (1970) and Davis (1978)). 
Some recent studies have shown cases of pulsating aurora with precipitating electron velocity 
dispersion indicating a source region closer to the Earth and others have shown a lack of 
magnetic conjugacy (Sato et al. 1998, Sato et al. 2002, Sato et al. 2004, Minatoya et al. 
1995, Watanabe et al. 2007). In one case, Sato et al. (2004) suggested that while the 
energetic electrons originate near the equatorial magnetosphere, the modulations may be 
caused nearer to the Earth by oscillating parallel electric fields. However, the majority of 
pulsating aurora studies have indicated an equatorial source. 
Pulsating aurora is typically observed after auroral breakup in the post-midnight local 
time sector (Akasofu 1968, Duthie & Scourfield 1977). However, a study of 34 nights by 
Oguti et al. (1981) shows that the occurrence probability for pulsating aurora increases 
to ~ 100% after 0400 MLT and that morningside pulsating aurora can occur even during 
times of low magnetic activity. In contrast with breakup aurorae, which tend to exhibit 
narrow, discrete arcs with significant east-west extent, pulsating aurora appears as a series 
of patches, typically embedded in a diffuse background aurora, or, occasionally, in a weak 
auroral display extended in the east-west directions. It sometimes seems that the patches 
are simply the remaining vestige of the discrete breakup aurora which has broken down into 
small, dim structures within the diffuse aurora. What this implies about the relationship 
between discrete and pulsating aurora, thought to be caused by pitch-angle scattering, is 
unclear. Often the structure of the patches develops first and over time the patches begin 
to pulsating. 
Duncan et al. (1981), using results from seven nights of observing, determined that 
0.1-100 s periods were possible, but note that they observed periods between 5 and 10 s 
for two-thirds of their observations. A study by Campbell & Rees (1961) may suggest 
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that the pulsation period decreases toward later hours. There is also often a 3 Hz intensity 
modulation superimposed on the patch pulsation (Oliven & Gurnett 1968, Lepine et al. 1980, 
Sandahl 1985, Yamamoto 1988) which does not seem to be related to the longer pulsation 
period. However, some studies have shown that the source region for the 3 Hz modulation 
is likely to be near or collocated with the source region for the pulsations (Johnstone 1983, 
Sato et al. 2004). 
Early speculation that the pulsation period may be associated with the bounce period 
of magnetospheric electrons has since been disproved (Campbell 1970, Thomas & Rothwell 
1979, Johnstone 1978). Although Thomas & Rothwell (1979) show the pulsation period 
increasing with latitude, it has been suggested that this result may be a statistical feature 
stemming from a lack of shorter period events at higher latitudes (Duncan et al. 1981). 
Yamamoto (1988) points out that it can be difficult to analyze the temporal behavior of 
pulsating patches with a narrow-field instrument because of the superposition of several 
drifting, pulsating patches. 
Individual patches typically do not pulse in phase with each other and may have slightly 
different periods (Omholt 1971, Royrvik & Davis 1977, Smith et al. 1980, Duncan et al. 
1981). The typical lack of spatial regularity among patches is a rigorous constraint for 
pulsating aurora theory. Any pulsation theory employing large-scale plasma waves would 
likely imply spatial regularity (Davidson 1990). 
Pulsating aurora is often observed against a non-pulsating background (Royrvik & 
Davis 1977, Stenbaek-Nielsen & Hallinan 1979) created by soft electrons (Smith et al. 1980, 
McEwen et al. 1981, Sandahl 1985). This background has been identified by Evans et al. 
(1987) as arising from secondary electrons and backscattered electrons produced by the 
primary high energy pulsating electrons. Nonetheless, Evans et al. (1987) find that "there 
appears to be a component of the primary precipitation at energies in the range of 5 —20 keV 
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that is not explained by current theories of precipitation pulsations by self-excited genera-
tion of VLF waves." 
6.2 Particle Precipitation Associated with Pulsating Aurora 
Spacecraft measurements have shown modulated electron precipitation in a broad range of 
energies from a few keV to several tens of keV or perhaps up to 100 keV, with the number 
flux decreasing with increasing energy (Davidson 1990). Davidson (1990) reported that 
rocket and satellite measurements of the electron precipitation show the characteristic en-
ergy to be highly variable from one event to the next, with characteristic energies ranging 
from several keV to several 10s of keV, but that "the pulsating component is negligible or 
very small below about 2 to 4 keV." However, observations by McEwen et al. (1981), as 
part of the February 1980 Pulsating Aurora Campaign, include several instances of morn-
ingside pulsating aurora caused by precipitating electrons with Maxwellian distributions 
of unexpectedly low average energy (as low as 1.5 keV to 1.8 keV over a pulsation pe-
riod), suggesting that morningside pulsating aurora may, in fact, be caused by low energy 
electrons. 
Due to the apparent connection between substorms and pulsating aurora, Oguti & 
Watanabe (1976) and Akasofu (1977) proposed that pulsating aurora is linked to high 
energy, substorm-injected electrons. Since then, several studies have attempted to demon-
strate magnetic conjugacy between the substorm-injected electrons, measured by satellites 
near the equatorial magnetosphere, and the optical pulsating aurora measured by ground 
cameras (Nakamura et al. 1990, Nemzek et al. 1995, Suszcynsky et al. 1997). However, this 
has often proved difficult due to a lack of proper satellite conjunctions with ground cameras. 
It is generally believed that pulsating aurora is caused by modulated energetic electron 
precipitation from a near-equatorial magnetospheric source, although there is some evidence 
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Figure 6-1: The results of computer analysis of simultaneous VLF emission and auroral 
pulsation data. The uppermost panel shows the dynamic spectrum of the low-frequency 
emissions. The second panel presents the variations of intensity maxima (dotted curve) 
and auroral intensity in two windows. This figure shows that for some look directions, in 
particular photometer 1, the optical intensity of the aurora correlated with the intensity of 
VLF wave emissions, (reprinted with permission from Tagirov et al. (1999)) 
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Figure 6-2: Frequency time spectra of VLF (upper panel) and ELF (bottom panel) wave 
activity obtained by FAST. Almost no ELF or VLF wave activity was seen inside the region 
of the pulsating aurora, though intense auroral hiss emissions were observed in the region 
of a discrete aurora during the interval of 232030 to 232220 UT. (reprinted from Sato et al. 
(2004), with permission) 
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to suggest that this is not always the case. An equatorial source implies that the electron 
precipitation causing pulsating aurora is pitch-angle scattered via cyclotron resonance with 
VLF waves (Coroniti & Kennel 1970, Helliwell et al. 1980, Johnstone 1983) (see Figure 6-1 
from Tagirov et al. (1999) for correlation between VLF wave power and optical pulsations). 
However, in some cases there has not been significant VLF wave power associated with a 
given pulsating aurora event (Sato et al. 2004) (see Figure 6-2). This may be seen as further 
evidence against an equatorial source region. 
Finally, it should be noted that a study by Viereck & Stenbaek-Nielsen (1985) suggests 
a relationship between pulsating aurora and diffuse proton precipitation. They observed 
the pulsating aurora to be confined to the region of diffuse electron precipitation that is 
equatorward of the diffuse proton aurora, with very few instances of patches extending into 
the region of overlap between diffuse electron and proton precipitation. Pulsations were 
not observed for brightness of >80 R in the proton aurora emissions at 486.1 nm. This 
study suggests a correlation between pulsation period and brightness of the proton aurora 
with an increasing period (mostly due to an increased "off' time) associated with increased 
brightness. The authors speculated that the proton flux may act to suppress the electron 
pulsations. 
6.3 Proposed Pulsation Mechanisms 
As described above, certain observations may indicate a near-Earth modulation source for 
the electron precipitation associated with pulsating aurora. Although few near-Earth mech-
anisms have been developed, Fedorov et al. (2004) proposed that the modulation of pulsating 
aurora is caused by Alfvenic parallel electric fields in the near-Earth magnetosphere. They 
explained a model of the auroral acceleration region (AAR)-associated resonator (RAAR) 
where Alfven waves resonate and thus set up oscillating parallel electric fields within the 
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near-Earth magnetosphere which can accelerate particles with an electron energy gain of 
up to 5keV. This mechanism is most effective for low-frequency ULF waves (Pc3-5 and Pi2 
range). And in agreement with previous observations, the proposed mechanism will produce 
"nearly simultaneous ULF magnetic and riometric variations at auroral latitudes." (Note 
that Zolotukhina et al. (2008) showed observations of Pc5 waves generated by substorm 
injection.) 
Current research is being done to determine the range (i.e. the distance from the equa-
torial plane) over which the proposed equatorial source mechanisms can operate (Nishiyama 
et al. 2010), which may explain some of the conflicting results. A certain class of equatorial 
mechanisms have been developed to explain, in part, how modulations could be imposed on 
the pitch-angle scattered electron flux through the development of a "relaxation oscillator". 
It is still generally accepted that the pulsating aurora, much like diffuse aurora, is caused 
by electrons scattered from the equatorial magnetosphere via a cyclotron resonance inter-
action (CRI) between VLF waves and a local anisotropic electron population, as described 
in Section 2.4. According to Johnstone (1978), two waves that are important in scattering 
auroral electrons are whistler mode (electromagnetic) and electrostatic waves. (Remember 
UJ = flc — kv/j.) Whistler mode waves with frequency below flce will resonate with electrons 
of energy greater than a certain minimum of approximately 10 keV. Electrostatic waves 
with a frequency above Qce will resonate with electrons of energies in the range of < 1 keV 
to several 10s of keV. The possible source of the electrostatic waves is not certain, but the 
whistler mode, which can be excited by both temperature anisotropies and loss-cone driven 
instabilities, is most effective in the equatorial magnetosphere where a more significant 
portion of the electron population will resonate with the waves. 
Taking advantage of the fact that the steady state pitch-angle diffusion described by 
Kennel & Petschek (1966) is highly nonlinear (Schulz 1974), it has been shown that various 
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disturbances can lead to fluctuations from equilibrium and in some cases to oscillations 
(Davidson 1979). This has been the basis of several nonlinear oscillator theories proposed 
for pulsating aurora. 
In 1970, Coroniti and Kennel proposed a mechanism (further developed by Haugstad 
(1975) and Royrvik (1978)) that would modulate the CRI via hydromagnetic waves which 
can damp the VLF waves responsible for scattering the pulsating auroral electrons. How-
ever, observations have not supported this for the case of pulsating aurora. Observed mag-
netic and optical pulsations are often seen to be simultaneous, or with one slightly delayed 
relative to the other, inconsistent with the tens of seconds delay expected for the waves, 
assuming they are to originate at the equatorial magnetosphere (Oguti 1986, Arnoldy et al. 
1982). Also, satellite measurements of the equatorial magnetosphere during times of pul-
sating aurora have indicated little power in hydromagnetic waves (Oguti et al. 1986). These 
micropulsations are now considered to be an effect, rather than a cause, of the pulsating 
aurora (Goldstein & Tsurutani 1984). 
Two currently active theories are the relaxation oscillator mechanism (Davidson &: Chiu 
1991) and the Flowing Cyclotron Maser (FCM) (Tagirov et al. 1986, Trakhtengerts et al. 
1986, Demekhov & Trakhtengerts 1994). In these theories, VLF waves are generated due 
to the anisotropy of the local particle population. Davidson & Chiu (1991) suggested that 
the VLF wave growth is caused by anisotropy in the electron population, which is then 
reduced by pitch-angle diffusion as the loss cone fills and the electron distribution becomes 
more isotropic, causing the waves to damp. The process is cyclical, with the anisotropy 
rebuilding and the VLF waves developing again. In the FCM theory (discussed in more 
detail in Section 6.6), VLF waves resonate within a flux tube of cold plasma. Electrons 
with an anisotropic distribution drift into the tube, some resonate with the VLF waves and 
scatter into the loss cone, and the remaining electrons drift out of the tube with a more 
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isotropic distribution. Thus the pulsation period can be related to the size of the flux tube 
and the drift speed of the electrons. The patch size reflects the finite size of the interaction 
region. 
Huang et al. (1990) have modeled the development of incoherent whistler waves in the 
magnetosphere and discuss the implications for the development of pulsating aurora. For 
a Maxwellian electron population with a characteristic energy of 30 keV, the calculations 
show that the largest factor contributing to incoherent whistler wave growth at 1.5 Earth 
radii is the loss cone anisotropy; whereas, thermal anisotropy dominates at 5 Earth radii in 
the general vicinity of the pulsating aurora source. For lower energy distributions the loss 
cone driven whistler wave instability is greatly reduced, making the effects of a temperature 
anisotropy even more important. The loss cone driven whistler would be an attractive 
possibility for the pulsating aurora CRI because the wave modulates itself as the loss cone 
fills and empties. However, the temperature anisotropy driven whistler wave seems the 
more likely candidate; thus, if whistler waves are responsible for the observed electron 
precipitation, the question remains as to what mechanism causes the growth/damping of 
these waves. Huang et al. (1990) pointed out that if incoherent whistler waves are important 
to the development of pulsating aurora, then such waves in the frequency range of 50-150 
Hz should be observed. However, they acknowledge the fact that other waves (such as ELF 
waves or coherent whistler waves) are still possible candidates. 
6.4 The Importance of the Ionosphere (Stenbaek-Nielsen 1980) 
One of the mysteries of pulsating aurora has been the persistent geometry of the pulsating 
patches, with the geometry in some cases being preserved over a timescale of minutes. 
Assuming that the pulsating aurora is caused by high energy particles from the equatorial 
magnetosphere one would expect the shape of the patches to be smeared out do to the 
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energy dependent gradient/curvature drift of the electron source. Oguti (1976) proposed 
that the geometry is dictated by islands of cold ionospheric plasma in which case the shape 
would persist but the patches would drift at the rate of ionospheric convection. However, 
observations have not conclusively shown this to be the case (Wescott et al. 1976) and in 
some cases spacecraft-measured local electric fields have not agreed with that indicated by 
the drift speed of nearby patches (Swift & Gurnett 1973). 
In many instances pulsating patches turn on and off with very short time constants, with 
rise and fall times on the order of 0.1 s. This is much shorter than would be expected even 
for abrupt changes in the velocity-dispersed precipitation from a equatorial magnetospheric 
source and may be indicative of a process much nearer to, or within, the ionosphere. 
Shear motion, which is often observed within discrete auroral forms, is not observed in 
pulsating aurora which would imply that pulsating aurora cannot be caused by the same 
mechanism as discrete aurora, namely double-layers which would drive current sheets and 
result in such shear motions. Also, the precipitation associated with pulsating aurora has 
been measured to be Maxwellian rather than accelerated-Maxwellian as would be expected 
in the case of discrete aurorae. However, if the double-layer were to occur at much lower 
altitude than expected in association with discrete aurorae, perhaps in the ionospheric E-
region where pulsating aurora occurs, then such shear motions and acceleration may not 
be expected from such a local field. This idea of large DC fields in the lower E-region 
was proposed by Shepherd & Falthammar (1980) as a possible method of forming the 
thin layers often seen in pulsating aurora and no longer seems to be a likely mechanism 
for generation of pulsating aurora in general. In addition, according to Davidson (1990), 
the large electric fields required to accelerate ~10 keV electrons would quickly deplete the 
equatorial magnetosphere of electrons. 
Two barium releases at 250 km altitude, within a region of diffuse aurora, appeared to 
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induce auroral pulsations with periods typical of pulsating aurora (Deehr & Romick 1977). 
Two similar releases, to the north of the diffuse aurora, did not produce any pulsations. 
This may suggest that the presence of diffuse aurora somehow created favorable conditions 
for pulsating aurora although it is unclear whether the pulsations were caused by shock 
waves or by the introduction of cold plasma in the flux tube. 
For several years the thinness of pulsating patches was an outstanding paradox. Stenbaek-
Nielsen k, Hallinan (1979) analyzed a large number of stereo TV observations of pulsating 
aurora. They optically measured the thickness of pulsating patches which was determined 
to be less than 2 km for most of the events-significantly thinner than would be expected 
for a mono-energetic, mono-directional beam of particles (see Figure 5-3), and therefore, 
thinner than would be expected for any reasonable electron distribution. Therefore, it was 
determined that these thin layers of enhanced luminosity cannot be caused by normal col-
lisional processes and that there must be some additional process acting locally within the 
ionosphere. Similar thin patches have been measured using EISCAT radar by Wahlund 
et al. (1989). 
Possible mechanisms have been proposed by Shepherd & Falthammar (1980) and D'Angelo 
(1991). However, observations of similar, often double, peaks in auroral luminosity distri-
butions (Donahue et al. 1968, Oguti 1975, Mishin et al. 1981) led to a review of the optical 
data by Hallinan et al. (1985) by which it was discovered that such thin luminosity en-
hancements occur in many auroral forms. The thin vortex streets observed at the bottom 
of rayed arcs (Hallinan k, Davis 1970) would not be discernible as such if not for some 
significant luminosity enhancement at the lower border. In fact, these layers are estimated 
to be of negligible width (<1 km). Hallinan et al. (1985) identify three types of this en-
hanced aurora within discrete auroral forms including: enhanced lower borders, luminous 
layers, and sharp upper borders. They report that these layers seem to occur at altitudes 
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ranging from 100-130 km and appear to be stable; when a dynamic auroral form moves 
to higher altitude the enhancement remains at fixed altitude. Of the auroral forms that 
were studied (including only structures which are known to sometimes exhibit enhanced 
aurora), enhanced aurora is observed for approximately 50% of cases with the luminosity 
enhancement persisting for nearly 1-2 hours. 
Later, a spectral analysis was performed on enhanced aurora (in particular auroral hems, 
i.e. auroral curtains with a thin enhancement along the bottom edge) within discrete auroral 
curtains. Although enhancement was seen in nearly all emission (except 630 nm which does 
not occur at low enough altitudes to be effected by any local processes), a large enhancement 
was seen in particular emission ratios including the red/blue ratio. Comparison to other less 
enhanced emission ratios suggests a distribution of lower energy (suprathermal) electrons 
with a sharp cutoff at around 17 eV (N2 ionization potential) (Hallinan et al. 1997). 
It seems claar that a local ionospheric process is responsible for the additional lumi-
nosity enhancement seen in enhanced aurora and several authors have suggested wave par-
ticle interactions within heavy ion layers (some of which include Hallinan et al. (1985, 
1997), Wahlund et al. (1989) and Johnson (2006)) accelerating ambient plasma to create a 
suprathermal electron distribution which excites additional emissions within the thin layer. 
Some authors have suggested that enhanced aurora may be caused by a beam plasma dis-
charge. However, Johnson and Okuda pointed out that the beam plasma discharge does 
not result from the presence of a thin layer in the local gas and, once the discharge disrupts 
the incident electron beam, the excited luminosity does not extend beyond the disruption. 
Therefore, beam plasma discharge cannot explain enhanced aurora which occurs somewhere 
above the lower border of the existing auroral form, such as luminous layers and sharp up-
per borders. Other proposed mechanisms for enhanced aurora are the ionization instability, 
which would also only be able to produce enhanced lower borders, and upper hybrid and 
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electron cyclotron instabilities (ECI), which would not be stable on timescales of auroral 
precipitation. Thus, Johnson and Okuda rejected the possibility of beam plasma discharge, 
ionization instability, and upper hybrid and electron cyclotron instabilities (ECI) as the local 
process causing enhanced aurora. They instead propose a modified two-stream instability. 
Although the exact mechanism causing the enhanced aurora has yet to be determined, 
it seems likely that the thin luminosity layers are created by excitations due to a local 
suprathermal electron population resulting from wave-particle interactions. These interac-
tions occur within thin layers of heavy ions in the ionospheric E-region, with wave growth 
taking energy from the incident auroral precipitation. The thin patches often seen during 
pulsating aurora are likely a form of enhanced aurora, and therefore a subset of pulsating 
aurora, which can be explained by local ionospheric processes. However, such thin enhance-
ments are not present in any of the observations presented in this document so, being as 
enhanced aurora is not a fundamental characteristic of pulsating aurora, this topic will not 
be explored further. 
6.5 The Relationship Between Diffuse and Pulsating Aurora 
Pulsating aurora often develops as a patchy structure within the diffuse aurora (Smith et al. 
1980, McEwen et al. 1981, Sandahl 1985) that over time begins to pulsate. It is therefore easy 
to imagine that the precipitation evolves from diffuse to pulsating. Not only is the source 
region of the diffuse auroral precipitation thought to be located in the general vicinity of the 
source of the pulsating precipitation (near 5 Earth radii in the equatorial magnetosphere), 
but the two are thought to be scattered by similar processes; namely, pitch-angle diffusion 
via cyclotron resonance interaction. The electron precipitation associated with pulsating 
aurora may be scattered by either whistler mode or ECH waves in much the same way as 
the diffuse precipitation described below. The precipitation is then modulated by a process 
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which is presumably like those described in Section 6.3. 
Recent analysis of observations of pulsating aurora from the Japanese small satellite 
REIMEI by Samara et al. (2010) show that optical pulsations are collocated with structure 
in the diffuse plasma sheet electron precipitation (see Figure 6-3). The fact that the patch 
structure is clear in the REIMEI ESA measurements of diffuse aurora may suggest that the 
pulsating aurora is a subset of diffuse aurora and that the higher energy flux causing the 
pulsating aurora may appear as a high energy tail in the diffuse electron distribution, the 
flux of which is then modulated. 
Although it is generally accepted that the diffuse aurora is caused by plasma sheet 
electron precipitation, there has been much debate as to the type of waves responsible 
for scattering these particles. Two types of VLF waves that may be important for causing 
diffuse precipitation are electron cyclotron harmonic (ECH) and whistler mode waves. ECH 
waves are effective at scattering electrons with energies of several hundred eV to a few keV 
(Kennel et al. 1970, Lyons 1974, Home & Thome 2000) with diffusion rates approaching the 
strong diffusion limit. These waves are more unstable in the presence of cold plasma and 
are driven by loss cone instabilities in the plasma sheet particles. Whistler mode waves are 
efficient at scattering >10 keV electrons and can sometimes scatter lower energy electrons 
(down to a few keV) but require a large temperature anisotropy. Whistler mode chorus 
is often seen in the same region as ECH waves and both can contribute to the diffuse 
precipitation [Home, email communication, fall 2007]. 
Although some (Home et al. 2003) favor ECH waves as the most important contributer 
to diffuse electron precipitation, others (Villalon & Burke (1991), Villalon & Burke (1995)) 
stress the importance of whistler mode waves, suggesting that the observed ECH wave 
power is insufficient to account for the typical diffuse auroral precipitation (Belmont et al. 
1983, Roeder & Koons 1989). Whistler waves are more efficient at scattering higher energy 
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Figure 6-3: Top panel: Allsky keogram with REIMEI trajectory, Middle panel: auroral 
brightness along the REIMEI trajectory, Bottom panel: REIMEI ESA measurements show-
ing diffuse electron plasma sheet precipitation, (preliminary version of Figure 2 of Samara 
et al. (2010), reprinted with permission from Annales Geophysicae) 
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particles but lower energy electrons can be scattered by fairly small amplitude waves of fre-
quency near flce (Burke et al. 1995). Whistler waves of this frequency have been measured, 
by CRRES, only in the presence of central plasma sheet particles, which is, in fact, the 
source of diffuse auroral electrons. 
Evans & Moore (1979) have shown two populations of electrons associated with diffuse 
aurora. The first, primary population is an unaccelerated, >lkeV, near-Maxwellian distri-
bution with an isotropic pitch-angle distribution for downward precipitating electrons but a 
well-defined loss cone for upward going electrons. The second population consists of nearly 
identical upward and downward going, lower energy electrons with an isotropic pitch-angle 
distribution for both. It has been shown that the primary population consists of unaccel-
erated particles scattered directly from the plasma sheet, while the secondary population 
consists of secondary and backscattered electrons resulting from the primary precipitation. 
In this way, the magnetospheric, trapped particles will be made up of a combination of 
these two populations. 
Evans et al. (1987) discussed the morningside pulsating aurora with particular attention 
to the diffuse background. The diffuse background is described as being an intrinsic fea-
ture of pulsating aurora that consists at least partly of emissions caused by the secondary 
and backscattered electrons resulting from the pulsating aurora. The authors showed that 
the percent modulation of the precipitating electron flux is greater with increasing electron 
energy, with the modulation eventually approaching 100%. This is at least in part due 
to the fact that the diffuse auroral precipitation, as well as the secondary and backscat-
tered electrons created by the primary pulsating precipitation, falls in the lower portion of 
the energy range of pulsating precipitation. There has been one observation of modulated 
backscattered and secondary electrons associated with pulsating aurora (Williams et al. 
2006). The modulation has been explained as upgoing backscattered and secondary elec-
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trons which are then accelerated downward by parallel electric fields. However, the general 
consensus is that secondary and backscattered electrons associated with pulsating aurora 
would generate a time independent electron population, which would likely contribute to 
the diffuse background. 
The work presented in Chapter 7 suggests that the diffuse background is simply the 
typical diffuse plasma sheet aurora described above. Evans et al. (1987) made the important 
point that none of the current theories regarding pulsating aurora take into account this 
diffuse background. In fact, the existing theories, which have focused on the scattering 
of high energy electrons, are much less effective at scattering the lower energies electrons 
causing the diffuse aurora (few keV). Chapter 7 shows that the diffuse auroral background 
must be accommodated by any complete pulsating aurora theory. 
6.6 Application of the Flowing Cyclotron Maser 
Most observations of pulsating aurora have indicated that the modulations are imposed on 
the auroral electron precipitation at the equatorial magnetosphere. Mechanisms that are 
most efficient in the equatorial region may also operate within a certain distance from this 
region. The observations that indicate a near-Earth modulation region, most notably the 
observations of Sato et al. (2004), cannot be ignored but may be indicative of a separate 
process that produces similar results via a different mechanism. For example, the pulsating 
aurora presented by Sato et al. (2004) includes instances of highly east-west elongated 
patches which are not typical of pulsating aurora. A lack of conjugacy between pulsating 
aurorae may be due to a difference in ionospheric boundary conditions at the northern 
and southern hemispheres due to local processes independent of the pulsating aurora. This 
dissertation focuses on pulsating aurora characterized by the more typical irregularly shaped 
patches, and it will be assumed that the auroral modulations are imposed at the equatorial 
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magnetosphere. 
The Flowing Cyclotron Maser theory of pulsating aurora is the most promising of the 
existing theories in that it takes into account the importance of the ionosphere, emphasized 
in Section 6.4, and gives some explanation for the geometry and persistence of pulsating 
patches. In this way, the FCM theory emphasizes that the ionosphere is not merely a screen 
where precipitating electrons light up the aurora but actually provides feed-back affecting 
the development of the aurora. One set of observations supporting the development of this 
theory is measurements of modulations in VLF wave power in correlation with modula-
tions in auroral brightness suggesting that the pulsating aurora is caused by modulated 
wave-particle interactions between magnetospheric electrons and VLF waves. Another ob-
servation in support of this theory is that of pulsations induced by a Barium release, via 
sounding rocket, within a region of diffuse aurora. The presumption was that the ionized 
molecules from the Barium release increased the ionospheric density within the region con-
jugate to a flux tube of cold plasma, otherwise known as a plasma filament or ELF duct, to 
a level that allowed VLF wave reflection off of the ionosphere (the plasma frequency, Equa-
tion 2.3, must be greater than the wave frequency) and resonance within the flux tube. The 
consequences of this conclusion are that the threshold ionospheric density for VLF wave 
reflection must be reached and that the pulsating patches should have a size that reflects 
the finite size of the flux tube and should drift with ionospheric convection. 
In FCM theory the modulation of pulsating aurora depends on ionospheric feed-back and 
the relaxation properties of the ionosphere. In the equatorial magnetosphere, an anisotropic 
(pitch-angle) magnetospheric population of the tens of keV electrons that have been ob-
served to cause pulsating aurora will gradient and curvature drift across the flux tube of cold 
plasma. Within the resonator, wave-particle interactions will cause some of the electrons 
to precipitate into the ionosphere causing increased auroral brightness within the patch. 
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The particle population drifting out of the tube will have a more isotropic pitch-angle dis-
tribution. (See figure in Trakhtengerts & Rycroft (2000) for schematic representation of 
theory.) The collisions between the precipitating electrons and the ionosphere will increase 
the ionospheric electron density in the region of the patch. Since the reflection coefficient 
of the ionosphere decreases with increasing ionospheric electron density the absorption of 
VLF waves will increase throughout the "on" phase of the patch pulsation to a point at 
which the electron precipitation will cease causing the "off' phase of the pulsating. During 
the "off' phase the ionospheric density will decrease due to recombination until the density 
is low enough for the VLF wave resonance to resume, setting up the conditions for the 
subsequent "on" phase. Models show that this ionospheric relaxation time is such that the 
"off" phase of the pulsation tends to last twice as long as the "on" phase with the complete 
cycle lasting on the order of 5 to 15 s and, after several pulsations, the ionospheric density 
within the patch region will converge to a high level which inhibits further pulsations (Jones 
& Rees 1973). 
Thus FCM theory implies that there is some range of ionospheric electron densities 
for which auroral pulsations may occur, the density must be high enough that the plasma 
frequency is greater than the frequency of the incident waves but must be low enough that 
the ionospheric reflection coefficient is non-negligible. Therefore, the presence of diffuse 
aurora could produce ionospheric electron densities that exceed the lower threshold for 
pulsating aurora. Background VLF waves are then able to resonate within a local flux tube 
of cold plasma and interact with drifting magnetospheric electrons, which may consist of 
substorm accelerated electrons. However, open questions include the following: 
• What is responsible for the sometimes sharp rise and fall times for pulsating patch 
brightness described in Section 6.4? 
• What is the source of the tens of keV electrons causing pulsating aurora? Are they 
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substorm accelerated electrons? 
• Is there typically enough wave-power in "background" VLF wave activity to support 
this process? Otherwise, what is the source of VLF waves? 
• How do the plasma filaments, i.e. flux tube of cold plasma, develop? And how do 
irregular patch shapes develop? 
• What process is responsible for spatial variations of the brightness modulations within 
a patch, for example streaming? 
The second question above, What is the source of the tens of keV electrons causing 
pulsating aurora? Are they substorm accelerated electrons?, will be one of the main topics 
of this dissertation discussed in the context of results presented in Chapters 7 and 8. Since 
the FCM theory may also be applied to other phenomena, including other types of auroral 
modulations, the study of pulsating aurora will also help to determine the applicability of 
FCM theory under a variety of circumstances. The second main topic will be determining 
the importance of pulsating aurora to magnetosphere-ionosphere coupling. Results of a 
secondary study regarding sub-keV features within measurements of pulsating aurora will 
be discussed in Chapter 9. 
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CHAPTER 7 
PFISR AND ROCKET OBSERVATIONS 
OF PULSATING AURORA 
7.1 Observations of Ionospheric Effects on Pulsating Aurora 
Some questions arise with regard to the thickness (by which is meant vertical extent, mea-
sured along the magnetic field line) of the pulsating patches. Stormer (1948) showed results 
from a statistical study of 12,330 measurements acquired in Norway. Although he did not 
specifically address the thickness of individual patches, he did show that the upper limit 
(in altitude) of pulsating aurora was typically near 110 km, with a lower limit near 90 km. 
More recent observations were reported by Stenbaek-Nielsen & Hallinan (1979), who con-
cluded that patches are often as thin as ~ 2 km or less. Such thin pulsating auroral patches 
are much thinner than can be explained by collisional thermalization, in other words the 
traditional process by which electrons precipitate into the atmosphere and collide with at-
mospheric atoms and molecules, ionizing and exciting the particles to produce emissions 
and thereby the aurora. Such thin patches do not even result from the precipitation of a 
monoenergetic, monodirectional beam of electrons, the case that would cause the thinnest 
possible auroral feature. This observation indicates the existence of a process internal to 
the ionosphere (Stenbaek-Nielsen & Hallinan 1979). 
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Similar thin layers have been observed (Donahue et al. 1968, Oguti 1975, Mishin et al. 
1981, Hallinan et al. 1985) in many auroral forms, including discrete arcs. The thin layers 
are of negligible vertical extent (often <1 km) and have been termed enhanced aurora 
(Hallinan et al. 1985). One proposed explanation is that these luminosity enhancements are 
created by excitations due to a local suprathermal electron population resulting from wave-
particle interactions, with wave growth taking energy from the incident auroral precipitation 
(Hallinan et al. 1997, Johnson 2006). However, the exact process remains to be determined. 
However, subsequent observations described by Hallinan et al. (1985) showed pulsating 
patches with significant vertical extent. Thus it was concluded that thin pulsating patches, 
such as those observed by Stenbaek-Nielsen & Hallinan (1979), are a subset of pulsating 
aurora and not a fundamental characteristic of the phenomenon. 
Previous observations of pulsating aurora using EISCAT in Tromso, Norway, directed 
towards Kilpisjarvi, Finland (ILAT — 66°) were presented by Kaila et al. (1989), Kaila 
& Rasinkangas (1989), and Bosinger et al. (1996). A pulsating arc was observed with 
two distinct modulations of 10 and 60 s periods. The EISCAT data for this event show 
two peaks in electron density (at 95 and 115 km altitude), the lower of which occurs over 
~ 8 km (Figures 4 and 5 of Kaila & Rasinkangas (1989) and Figures 5 and 6 of Bosinger 
et al. (1996)). Note that the EISCAT perspective for these observations is not field aligned. 
Bosinger et al. (1996) infer a double Maxwellian electron distribution, with the higher energy 
peak likely causing the pulsations with 10 s periods. Wahlund et al. (1989) report similar 
EISCAT observations showing single, and in some cases double (at approximately 108 and 
123 km altitude), thin layers in the ionospheric electron density of <4.5 km thickness in 
support of the Stenbaek-Nielsen & Hallinan (1979) results. 
In this study, the question of patch thickness is addressed from the perspective of Poker 
Flat Incoherent Scatter Radar (PFISR) and the Rocket Observations of Pulsating Aurora 
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(ROPA) sounding rocket (both described in detail in Chapter 5) and REIMEI satellite ob-
servations. Incoherent scatter radar makes an active measurement of the ionosphere by 
transmitting a signal along a certain look direction which will then interact with the iono-
sphere producing a return signal that provides information about variations in ionospheric 
density. The PFISR observations are supported with numerical analyses (using inverse 
methods as described in Section 5.3) which are then compared to electrostatic analyzer 
measurements from the ROPA and REIMEI spacecraft. 
7.2 Rocket Observations of Pulsating Aurora 
The ROPA launch window took place in January and February 2007, at the Poker Flat Re-
search Range near Fairbanks, AK. The objective of the mission was to study various aspects 
of pulsating aurora, with the use of a sounding rocket and a suite of ground instruments, 
including the newly developed Advanced Modular Incoherent Scatter Radar (AMISR) radar 
(Kelly & Heinselman 2009) at Poker Flat (PFISR). 
During the mission, several instances of pulsating aurora were observed and recorded 
with intensified video cameras. In this study, we report observations from four examples 
(from four different nights) that had good optical data, as well as good PFISR data. The 
particular example associated with the ROPA launch, which occurred at 1245 UT on Febru-
ary 12, 2007, is presented and discussed in detail. 
The pulsating aurora event on the night of the ROPA launch developed out of diffuse 
aurora which began to form at ~ 1119 UT after a substorm breakup with pulsations starting 
at ~ 1122 UT. Preliminary observations of Poker Flat all-sky and medium field camera data 
suggest the pulsating aurora consisted of quasi-periodic intensity modulations of ~ 10 — 30 s 
periods with patches spanning tens of km in horizontal extent. The event lasted for just 
over two hours, gradually weakening in intensity over the duration. The pulsating aurora 
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PRSR density profile: 2007/02/12 
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Figure 7-1: Plot shows the electron density measured by PFISR on February 12, 2007. 
Overplotted is the auroral brightness from the Poker Flat All-sky Camera (2 frames per 
second) in arbitrary units. The values are summed over 0.03° latitude and 0.1° longitude 
around the point where the PFISR beam intersects ~ 100-110 km altitude (64.95°, 212.33° 
geographic). Note the modulations in brightness of approximately 6 and 20 second periods. 
extended over roughly 65-67° ILAT, or from just south of Poker Flat to just north of Fort 
Yukon. The ROPA sounding rocket measurements where taken from near the poleward 
edge of this region and northward throughout the rocket flight (from 1245 — 1259 UT). 
7.3 PFISR Observations of Pulsating Aurora 
Figure 7-1 clearly shows that the time resolution of the PFISR measurements (~ 5 s) is not 
fast enough to resolve the pulsating behavior for the February 12 event (~ 6 s). Therefore, 
the PFISR data analysis provides averages over the pulastion "on" and "off" phases. This 
information is supplemented with faster time resolution data from ground based optics and 
in situ particle detectors. Note that the PFISR beam used in this study consists of a 480 
/j,s long pulse interleaved with a 13 baud (10 /J,S) Barker code on two frequencies, allowing 
better than 1 km altitude resolution over the 50-200 km altitude range. 
Figure 7-2 shows ionospheric electron density enhancements measured by PFISR for four 
pulsating aurora events, with pulsating aurora occurring over the duration of the four data 
sets. The plots show more intense density enhancements early on in the pulsating events, 
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with the density peak of these enhancements varying in altitude (see Figure 7-3a) from one 
event to the next (near 83 km at the start of the first and second events and closer to 95 
and 110 km for the third and fourth events). For the January 17-18 and February 12 events, 
the density peak had clearly increased in altitude (i.e., the bulk of the precipitation had 
softened) by the end of the data set. Note that on February 12, the rocket was not launched 
before this time because the poleward edge of the pulsating aurora had not migrated far 
enough north to be under the trajectory of the rocket (to the north of Poker Flat). 
By performing a Gaussian fit to the density profiles for the four events (see Figure 7-3b), 
we find a FWHM of ~ 15 — 25 km which is several times greater than the vertical extent 
of the thin patches observed by Wahlund et al. (1989) using EISCAT and seems consistent 
with a density profile caused by collisional thermalization, the standard process by which 
aurorae are produced as described in Section 7.1. 
7.4 Numerical estimate of incident electron energy spectrum 
We concentrate on radar measurements from the fourth event, which was the event chosen 
for the ROPA launch, in order to compare with ROPA electron observations. PFISR ob-
servations of density profiles can be inverted to estimate the primary electron distribution. 
The procedure used here is described in detail by Semeter & Kamalabadi (2005) and uses 
a forward model based on the Rees (1963) approach. The approach uses a forward model 
for the interactions between precipitating electrons and the neutral atmosphere to estimate 
via numerical inversion (described in Section 5.3) the precipitating electron distribution 
associated with a given electron density profile. The iterative process starts with an initial 
guess for the precipitating electron profile that is used to calculate an ionospheric electron 
density profile for comparison with the measured PFISR profile. The calculated and mea-
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Figure 7-2: Plots show the electron density measured by PFISR for four pulsating aurora 
events: January 17-18, February 8 and February 12, 2007. Note that the altitude of the 
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Figure 7-3: Plots show evolution of the electron density peak over the four events, which 
are scaled to the same x-range. The altitude (7-3a) and vertical extent (7-3b) of the peak 
ionospheric electron density are obtained from a Gaussian fit. 
profile that better matches the measured profile. After several iterations the profile cal-
culated from the guessed precipitating electron distribution will ideally converge toward a 
reasonable approximation of the measured profile. The resulting estimated distribution can 
be used as an approximation of the precipitating electron distribution associated with the 
measured ionospheric electron density profile. In this instance, the pitch-angle distribution 
in the downward hemisphere is assumed to be isotropic, a fairly good assumption for pul-
sating aurora since, like diffuse aurora, it is thought to be caused by pitch-angle diffusion 
via wave-particle interactions. 
It is important to note that this model assumes that collisional processes are responsible 
for the electron density measured by PFISR. Therefore, the resulting inversion will not be 
valid if local ionospheric processes such as wave-particle interactions are important to the 
creation of pulsating patches. Such noncollisional processes have been proposed as a possible 
cause of the extremely thin patches observed by Stenbaek-Nielsen & Hallinan (1979) and 
Wahlund et al. (1989). If noncollisional processes are important to the events analyzed here, 
we would expect that either the inversion will not converge to a solution or that the solution 
will not be able to reproduce the observed ionospheric electron density profile and /or will 
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Energy distribution from PFISR density inversion 
Figure 7-4: Plot shows differential number flux [cm2 s str eV] 1 of precipitating electrons 
calculated via inversion of the PFISR electron density profiles over an energy range of 
0.5-32.5 keV for the February 12, 2007 event. 
differ significantly from in situ particle measurements. 
Of the sources of uncertainty detailed by Semeter & Kamalabadi (2005), the most impor-
tant in this case is the neutral atmosphere model (MSIS-90) because the neutral composition 
can deviate from predictions due to the presence of aurora. However, changes in the neutral 
composition tend to take place on a longer timescale than changes in the aurora, producing 
a mostly systematic error in the inverted energy spectra as for the February 12 inversion 
discussed below. 
Figure 7-4 shows the differential number flux [cm2sstreV]~l of precipitating electrons 
computed via inversion of PFISR measurements. In the bottom panel of Figure 7-2 a 
decrease in electron density at higher altitudes (>140 km) can be seen shortly after the 
start of the data interval. This corresponds with a decrease in the flux of lower energy 
(<1 keV) electrons estimated by the inversion for the same time period. 
The numerical estimate (from inversion of PFISR data) of differential energy flux (see 
Figure 7-4) shows that the inversion frequently results in two peaks in the distribution. 
Figure 7-5b is a plot of differential number flux from the numerical inversion for Feb 12 at 
1141.55 UT, approximately one hour before the ROPA launch. The inversion estimates two 













Figure 7-5: Plot 7-5a shows altitude vs. measured electron density profile (solid line) 
from the PFISR data, with the calculated density profile (dashed line) from the numerical 
estimate of the associated electron distribution obtained by inversion of the PFISR data, 
shown in plot 7-5b. 
treated with caution, because the appearance of multiple peaks is a common artifact of the 
inversion procedure. However, some evidence that this is a meaningful result is found in 
Figure 7-5a, which shows the PFISR measured density profile (solid line), with the estimated 
density profile (dashed line) calculated from the inverted electron distribution shown in 
Figure 7-5b. A high energy population is manifested as an ionization enhancement at low 
altitudes, in the bottomside of the auroral E-region. Note that there is an enhancement 
below 90 km that is not well reproduced by the inversion (dashed line). It is likely that this 
lower altitude enhancement results in the 20 keV population estimated by the inversion. 
Thus the presence of this higher energy peak corresponds to a clear feature in the measured 
plasma density and is likely the signature of the pulsation "on" phase. Improving the fit in 
the 85-90 km range would involve increasing the flux of primaries in the range of 23-49 keV 
(see Figure 2 in Semeter & Kamalabadi (2005)) by increasing the energy of the second peak 
in the distribution. 
The result of the inversion can be compared to the precipitating electron energy dis-
tribution measured by the ROPA electron Hemispherical Electrostatic Energy and Pitch 
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Differentia! Energy Flux from ROPA Mo n Poylood HEEPS 
Figure 7-6: Plot shows electron differential energy flux [cm2 s str eV/eV] - 1 measured by 
the ROPA HEEPS from 220 to 245 seconds into launch, near the poleward boundary of 
the pulsating aurora. Note the peak in energy at ~ 6 keV as well as the intermittent 
population at ~ 300 eV. Fluxes are slightly underestimated due to assumption of an isotropic 
distribution. 
Angle Spectrometer (HEEPS), which has an energy range of approximately 0.01 to 20 keV. 
Figure 7-6 shows the measured differential energy flux [cm2 s str eV/eV] - 1 of precipitating 
electrons, corresponding to the period of time from 1247:44 to 1249:44 UT. During this 
period of time, the ROPA payload was north of PFISR in the vicinity of the poleward edge 
of the pulsating aurora near Fort Yukon, AK. 
Note that the electron HEEPS measured a steady ~ 6 keV population and a modulated 
~ 300 eV population. It would seem possible that the lower energy (<1 keV) popula-
tion is caused by secondary electrons associated with the pulsating aurora, as suggested 
by Williams et al. (2006), who showed a similar lower energy component measured by 
the Pulsating Aurora Rocket experiment mission. However, electrostatic analyzer (ESA) 
measurements from the REIMEI satellite (see Figure 7-7) taken during the PFISR data 
interval, and within the field-of-view of the Poker Flat ASC, show this to be a downgoing 
population and therefore primary precipitation, or perhaps secondary electrons from the 
conjugate hemisphere (Sato et al. 2002, Sato et al. 2004). This population is the focus of 
the preliminary study presented in Chapter 9. REIMEI also detects widespread, diffuse 
plasma sheet precipitation (~ 6 keV) in the vicinity of the pulsating aurora. 
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Figure 7-7: Plot shows electron differential energy flux [cm2 s str eV/eV] - 1 measured by 
the REIMEI ESA as the satellite moved poleward across Poker Flat, AK. Note the peak 
in energy at ~ 6 keV as well as the downgoing, intermittent population at <1 keV, similar 
to measurements made by ROPA HEEPS approximately one hour later during the same 
pulsating aurora event. 
Figure 7-8 is a plot of the same measurements taken by the HEEPS onboard the ROPA 
Fly-Away Detector (FAD) subpayload. FAD1 was ejected eastward from the main payload 
and therefore had better optical coverage. Superimposed on the figure is a line plot of the 
auroral brightness taken from the Fort Yukon ASC showing modulations with roughly the 
same period as seen in Figure 7-1. 
Direct comparison of the differential energy flux from inversion of PFISR vs. the in situ 
measurements shows that the inversion does overestimate the values as mentioned above, 
presumably due to the model of neutral atmospheric composition. However, it is clear that 
the inversion recovers the ~ 6 keV population as well as intermittent <1 keV precipita-
tion and therefore provides a useful estimate of the differential energy flux associated with 
pulsating aurora. 
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Figure 7-8: Plot shows electron differential energy flux [cm2 s str eV/eV] * measured by 
the ROPA FAD1 HEEPS from 180 to 205 seconds after launch (1148:04-1148:29 UT), near 
the poleward boundary of the pulsating aurora. Overplotted is the auroral brightness at 
the footprint of the FAD1 subpayload from the Fort Yukon All-sky Camera (30 frames 
per second, smoothed to reduce intensifier noise) in arbitrary units. Fluxes are slightly 
underestimated due to assumption of an isotropic distribution. 
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7.5 Numerical estimate of luminosity profile. 
We can use the precipitating electron distribution function obtained by the above PFISR 
inversion method as model input to numerically estimate the associated auroral luminosity 
profile. The transport of energetic electrons into the atmosphere can be described with 
a Boltzmann equation that equates the change in the electron-distribution function in a 
given phase-space volume to the changes in moving to a different altitude, changing the 
direction in elastic scattering, changing the energy in inelastic scattering, and the production 
of secondary electrons in ionizing collisions. Here we use the model of Lummerzheim & 
Lilensten (1994), which uses the discrete-ordinate method to solve the energy degradation 
and electron transport problem and uses a multi-stream approach to solve for the electron 
intensity as a function of energy and altitude. 
This model was used to estimate volume emission rates [cm_ 3s - 1] for three auroral 
emissions: the N2+ lneg (427.8 nm) emission, with an emission rate that is directly pro-
portional to the ionization rate; the 01(844.6 nm) emission, with two excitation sources 
(direct excitation of O and dissociative excitation of O2) leading to low and high altitude 
contributions to the emission profile; and the 011(732.0 nm) emission which, in part due to 
quenching at lower altitudes, provides an indication of lower energy precipitation. 
The emissions of the N2+ lneg (427.8 nm) and the 01(844.6 nm) are prompt emissions 
and were calculated directly from the excitation rate. No cascade contributions are con-
sidered, but the 01(844.6 nm) has contributions from direct excitation of atomic oxygen 
and dissociation of molecular oxygen. The 011(723.0 nm) emission results from the excited 
0 + (2P) state. Electron impact ionization of atomic oxygen yields about 18% 0 + (2P ) ions. 
Deactivation of the excited state occurs through quenching with N2 and 0 as well as emis-
sion of a photon (Lummerzheim et al. 1990). The continuity equation governing the ion 
chemistry of the 0 + (2P ) was solved with a quasi-static assumption, justified by the time 
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resolution of our data. 
Figure 7-9 shows volume emission rates for the above emissions for the ROPA event 
calculated using the numerical model. The top panel is a plot of the PFISR electron density 
measurements for comparison. We can see that the 427.8 and 844.6 nm emissions closely 
match the density profile, with more intense features in the density profile clearly visible 
as enhancements in the volume emission rates. The volume emission rate at 732.0 nm is 
approximately two orders of magnitude less intense than the above mentioned emissions, 
with the emissions quenched below an altitude of ~ 150 km. 
Figure 7-10 shows the brightness [kR] of the 427.8 nm emission, calculated from the 
modeled volume emission rates. The Poker Flat meridian scanning photometer (MSP) data 
for 427.8 nm (102° look-angle intersecting PFISR beam at 100 km altitude) is plotted for 
comparison. The MSP measurements are multiplied by a correction factor to account for 
scattering and extinction in the atmosphere (1.65 for 427.8 nm along the zenith with clear 
sky at Poker Flat (Lummerzheim et al. 1990)). Note that although the model overestimates 
the brightness (due to overestimating the fluxes from the PFISR inversion) the shape of the 
curve agrees quite well with the MSP curve, with 16 seconds between samples due to the 
scanning of the photometer. This suggests that the numerical model, used in conjunction 
with the numerical inversion of the PFISR data, provides a good estimate of the associated 
emission rates. 
7.6 Discussion and conclusions. 
Comparison of the modeled precipitating electron energy flux (Semeter & Kamalabadi 2005) 
with in situ particle measurements for the night of the ROPA launch suggests that the in-
verted distribution is a good estimate of the electron precipitation associated with pulsating 
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Figure 7-9: Top panel shows the electron density profile measured by PFISR for the night 
of the ROPA launch. Bottom three panels show the corresponding numerical estimates of 
volume emission rates calculated from numerical inversion of PFISR data for three auroral 





Brightness of auroral emissions: Model vs. MSP 
427.8 nm (model) 
427.8 nm (MSP) * 1.65 
Figure 7-10: Plot shows brightness [kR] vs time [UT] calculated from model estimates of 
the volume emission rate for the 427.8 nm auroral emission and the measured brightness 
from Poker Flat MSP data (102° look-angle; intersecting PFISR beam at 100 km altitude) 
in 427.8 nm for the ROPA event. Note that the MSP data are multiplied by 1.65 to account 
for scattering and extinction in the atmosphere. 
ionospheric model to calculate the corresponding emission rate profiles (Lummerzheim & 
Lilensten 1994) for selected emissions that can be integrated to provide the brightness for 
each emission for comparison with optical observations. Comparing the modeled brightness 
to the Poker Flat MSP measurements at 427.8 nm for the ROPA event shows agreement. 
Therefore, through the use of these two models, it is possible to obtain an approximate mea-
sure of the precipitating electron distribution and luminosity from PFISR measurements. 
This type of analysis will be useful for a wide variety of projects. 
The ionospheric electron density profiles for the four events are shown to have a thickness 
of ~ 15 — 25 km (FWHM), suggesting that none of these instances of pulsating aurora are 
examples of the unusually thin patches observed by Stenbaek-Nielsen & Hallinan (1979) 
and Wahlund et al. (1989). 
The PFISR inversion from before the ROPA launch shows a gradual decrease in energy of 
the higher energy precipitating electron population resulting in lower energy (~ 6 — 8 keV) 
precipitation by the end of the PFISR measurements. The inversion also reproduces an 
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approximately 6 keV diffuse population which was measured in situ by both REIMEI (during 
the PFISR interval) and ROPA (shortly afterward). 
We see from the PFISR density profiles for four events (January 17 and 18, February 8 
and 12) that the electron energies vary slightly from one event to the next, as evidenced 
by slight variations in the altitude of the peaks in ionospheric electron density and volume 
emission rate. Also, for three of the four events (January 17 and 18 and February 12), 
the electron precipitation softens over the course of the event with a gradual increase in 
the altitude of the peak in electron density. For the ROPA event (February 12), we see a 
corresponding decrease in energy of the higher energy precipitation, as estimated by the 
numerical model. 
The presence of lower energy (<1 keV) precipitation (Figure 7-4), shown via inversion 
of the PFISR data, is most intense at the beginning of the radar data interval (~ 1140 UT) 
after which it appears sporadically. This precipitation is likely responsible for the electron 
density enhancement at higher altitudes, seen in Figure 7-2 at the beginning of the ROPA 
event. Intermittent, low energy precipitation is also measured in this region by ROPA and 
REIMEI (downgoing) during the February 12 event, and appears to be primary electron 
precipitation which may (Sato et al. 2002, Sato et al. 2004) or may not be related to pulsating 
aurora. 
Poker Flat all-sky camera images (not shown) for the four events chosen show the de-
velopment of diffuse aurora directly preceding the pulsating aurora, with patchy structure 
gradually forming within a region of diffuse aurora and, on a timescale of minutes, begin-
ning to pulsate. In fact, the observations suggest that the presence of diffuse aurora is 
a necessary precursor for the development of pulsating aurora. It has been suggested by 
Stenbaek-Nielsen (1980), Evans et al. (1987) and many others that there may be an im-
portant relationship between pulsating and diffuse aurora. Our observations support this 
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suggestion, showing a time ordered relationship between the two phenomena. 
The main conclusions of the study are as follows: 
1. The chosen events do not show the thin enhancements seen by Stenbaek-Nielsen & 
Hallinan (1979) and Wahlund et al. (1989) associated with pulsating aurora. This 
supports the conclusion of Hallinan et al. (1985), that such thin patches are a subset 
of pulsating aurora. 
2. There is a large amount of variability in the altitude of the peak ionospheric electron 
density enhancement due to pulsating aurora, both from one event to the next and 
over the course of a single event, suggesting a corresponding variability in the energy 
distribution of incident electrons causing the pulsating aurora. For the ROPA event, 
the estimated higher energy precipitation showed a gradual decrease in energy, which 
coincided with a gradual weakening in the pulsating aurora. 
3. During the ROPA mission, all-sky camera observations often showed diffuse aurora 
preceding pulsating aurora, with patches developing within the diffuse aurora and 
over time beginning to pulsate. For the February 12 event, measured and calcu-
lated precipitating electron distributions show the pulsating aurora collocated with 
widespread diffuse aurora. Thus, it seems likely that the presence of diffuse aurora is 
a requirement for the development of pulsating aurora. 
79 
CHAPTER 8 
STATISTICS OF THE SOURCE REGION 
FOR PULSATING AURORA 
8.1 Source Region for Pulsating Aurora 
The occurrence of pulsating aurora has long been associated with aurora substorms; nu-
merous papers have discussed pulsating aurora in the context of substorm recovery phases, 
that is, after auroral breakup in the post-midnight local time sector (Akasofu 1968, Duthie 
& Scourfield 1977). In 1977, Akasofu proposed that pulsating aurora is caused by pitch-
angle scattering of high energy, substorm-injected electrons. Since then, several studies have 
attempted to show a link between the substorm-injected electrons, measured by satellites 
near the equatorial magnetosphere, and the optical pulsating aurora measured by ground 
cameras (Nakamura et al. 1990, Nemzek et al. 1995, Suszcynsky et al. 1997). However, this 
has often proved difficult due to a lack of magnetic congruency between the satellite and 
ground camera. 
8.2 Large-scale aspects of pulsating aurora 
The usefulness of optical data is that it reveals the nature of auroral structures over many 
scales, both temporal and spatial, which is generally thought to reflect the dynamics of the 
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source region. To a significant extent, auroral displays provide near real-time displays of 
the dynamic activity occurring at much higher altitudes. 
In trying to understand what role pulsating aurora may play in magnetosphere-ionosphere 
coupling, certain properties of pulsating aurora events need to be characterized, including 
fundamental aspects regarding its global morphology and its large-scale spatial and tem-
poral evolution. In spite of this apparent importance, studies that address the large-scale 
aspects have been very limited. 
One important study by Cresswell (1972) presents a discussion of pulsating aurora and 
its relationship to substorms and diffuse aurora. The paper introduction presents an ex-
cellent overview of the state of knowledge of pulsating aurora at the time, noting that 
"The displays extend several hundred kilometers meridionally as well as several thousand 
kilometers zonally, so their behaviour must be associated with large scale magnetospheric 
processes"; however, no citation is provided to support this statement. On the other hand, 
a discussion citing the thesis of J. P. Heppner in 1954 notes that Heppner determined that 
pulsating aurora occurs mainly between the near-midnight region and the dawn sector, with 
an occurrence frequency that appears to peak near 64° and to be quite low poleward of 66° 
and equatorward of 60°. The Heppner study used data only from College, AK, so the lat-
itudinal coverage was limited and, of course, not much was said (or could be said) about 
the temporal evolution of the large-scale region. 
Kvifte & Pettersen (1969) present results from a statistical study based on observations 
made from Troms0, Norway, during the winter of 1967-68. Data were obtained from four 
photometers at 428 nm, each having a field-of-view of 10°, pointed to the south with eleva-
tions of 30° and 45°, towards zenith and to the north at 45°. Data were obtained from only 
27 nights during the winter season. Note that a 10° field-of-view maps to approximately a 
15 km patch in the ionosphere, assuming emissions at 90 km with the photometer pointed 
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along zenith, so the coverage was limited to four distinct patches in this study. Latitudinal 
and longitudinal occurrence rates of pulsating aurora are determined with this arrange-
ment and it is concluded that pulsating aurora events occur over the entire range covered 
(65° to 68° ILAT) and over all magnetic local times from pre-midnight to 0900 MLT, with 
occurrence rates ranging from less than 25% to greater than 75%. 
A somewhat more extensive statistical study was carried out by Oguti et al. (1981), 
using data acquired with allsky cameras during 34 nights in early 1980 from five stations, 
ranging from 61.5° to 74.3° in central Canada. Note that this was during a solar maximum 
interval. From this study it is concluded that the occurrence probability of pulsating aurora 
is approximately 30% near midnight but increases to 100% near 0400 MLT (though the data 
are limited by daylight, forcing the cameras to shut down in this region). Although it is 
noted that the amount of data is insufficient to provide reliable statistics, it is concluded that 
pulsating aurora occurs primarily between 61° (near the limit of their observing capability) 
and 70° and that there may be a weak peak in occurrences near 66°. 
Royrvik & Davis (1977) consider aspects of pulsating aurora on smaller scales, noting 
that "all-sky camera data from Byrd Station demonstrate that the pulsating aurora can 
extend eastward from the darkside auroral oval around to the noon meridian or even beyond" 
(although a citation for this information is not provided). Note that, because of the relative 
orientations of the magnetic and geographic poles in the southern hemisphere, stations in the 
auroral zone remain in darkness 24 hours per day and can thus support optical observations 
in the dayside auroral zone. 
Finally, Berkey (1978) present photometric and riometer observations obtained just after 
twilight (1300-1600 M.L.T.) at College, AK, and show the occurrence of pulsating auroras 
in the afternoon sector. The events are detected by simultaneously observing using a 428 
nm photometer and a riometer. By connecting the photometer output to a differentiating 
82 
amplifier, they compare 428 nm emissions to sunlight (actually, to twilight). As the sun 
sets, a pulsating aurora signature is observed corresponding to riometer absorptions that 
were present before the optical signatures could be observed, due to sunlit conditions. With 
this arrangement, only a half dozen events were observed during the winter of 1967-68. Still, 
the results suggest that the pulsating aurora generation mechanism can operate on nearly 
global scales. 
The purpose of the study presented below was to calculate statistics, including occur-
rence rates vs. MLT, the distribution of event durations, and the delay in relative onset 
times for adjacent stations, to better understand aspects of the generation of pulsating au-
rora (eg, using optical observations to learn about the source region). A description of the 
development and morphology of pulsating aurora from the perspective of THEMIS ground 
camera observations is presented. 
8.3 Methodology 
This study made use of THEMIS allsky camera data from Gillam and Fort Smith stations. 
Figure 8-1 shows the locations of these cameras within the THEMIS array, each of which 
produces a "white light" (unfiltered) image of 256x256 pixels every 3 seconds. Each circle 
represents the extent of coverage in the ionosphere, based on emissions at 110 km altitude, so 
pulsating aurora emission (at a lower altitude) decreases the size of the circle. For observa-
tions along zenith, this corresponds to a spatial resolution of approximately 1 km, although 
this resolution is degraded dramatically for features low on the horizon. The sensitivity of 
the cameras are roughly 1 kR, integrated over all wavelengths within the passband of the 
instrument, thus the occurrence rates obtained in this study may be underestimated due 
to exclusion of very dim events. Note that inclusion of data from multiple sites, with the 












































Figure 8-1: Map showing the locations of THEMIS allsky cameras. Data for this study 
include observations from Fort Smith (11) and Gillam (13) for longitudinal studies. Adapted 
from Donovan et al. (2006). 
Table 8.1: Geographic and geomagnetic locations of primary stations. 
Geographic Invariant UT of 
Lat (N) Lon (E) Lat (N) Lon (E) 2400 MLT Site Location 
Gillam, Manitoba (13) 56.38 265.36 66.1 333.9 0634 
Fort Smith (11) 60.02 248.04 67.3 306.7 0807 
84 
For studies of longitudinal propagation, we use data from Fort Smith and Gillam sta-
tions. Although the fields-of-view of these cameras do not overlap in longitude, the gaps are 
tolerable. These stations are approximately 1.5 hours apart in magnetic local time (UT= 
0500 and 0630 at magnetic midnight). The field-of-view of each camera spans ~ 1 hour, so 
the resulting coverage in MLT is the order of 2.5 hours. 
8.4 Results 
This study was conducted using THEMIS allsky camera data from Gillam, Manitoba and 
Fort Smith from September 2007 through the end of March 2008, which included 119 days 
of valid data with clear skies. During this time period, 74 days contain pulsating aurora at 
Gillam (ILAT of 66°), with 31% of all clear optical data exhibiting pulsating aurora (based 
on the data being parsed into 10 minute segments). 
8.4.1 Spatial/temporal evolution 
The statistical study includes an assessment of large-scale spatial/temporal evolution of 
pulsating aurora, as determined by comparing events observed both at Fort Smith and 
Gillam and noting time differences in the onsets of these events. Figure 8-2 shows the 
result. The vertical axis shows differences in onset times, with a positive time difference 
meaning that pulsating aurora was observed at Gillam first. Therefore, since Fort Smith is 
west of Gillam, a positive time difference may suggest a westward drift or expansion of the 
pulsating aurora. This assessment provides a crude idea of the large-scale spatial/ temporal 
evolution of the region of pulsating aurora. Several of the events included in this analysis 
were chosen for further analysis using THEMIS ASI mosaic movies to better determine the 
evolution from the complete ASI array. 
For this study, onset times were associated with the first occurrence of pulsating aurora 
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in any portion of the allsky camera fields-of-view. Note that the magnetic latitude of 
Gillam is 66.1°, while that of Fort Smith is 67.3°, which has not been considered in this 
analysis and could perhaps have some effect on the relative onset times if the shape or 
drift of the region of pulsating aurora depends on magnetic latitude. Magnetic midnight 
at Gillam is at approximately UT=6.6 and at Fort Smith magnetic midnight occurs at 
UT=8.1, so the stations straddle magnetic midnight at 7.4 (0724) UT. Figure 8-2 shows 
that pulsating aurora events occurring before approximately 0900 UT tend to be observed 
at Gillam before Fort Smith. At around 0900 UT an apparent transition occurs toward 
events which are observed at Fort Smith first. This could imply that the pulsating aurora 
onsets evolve (spatially) away from a region that is nominally 1.6 hours after magnetic 
midnight; however, subsequent analysis of the THEMIS ASI mosaic movies suggests a more 
complicated evolution. 
The observations have important implications for theories explaining the pulsation mech-
anism. Most importantly, the observations challenge the role of substorm-injected energetic 
electrons in causing pulsating aurora (as suggested by Oguti & Watanabe (1976), Akasofu 
(1977), Nakamura et al. (1990), Nemzek et al. (1995) and Suszcynsky et al. (1997)) as 
the electron cloud would drift eastward regardless of its position with respect to magnetic 
midnight. 
8.4.2 Event durations 
The distribution of event durations, although clearly related to its generation mechanism, 
does not seem to have been quantified previously in any statistical sense. As part of this 
study, this distribution has been estimated and is presented in Figure 8-3. Note that, 
since these data are from a single station and the time required for this station to move 
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Figure 8-2: Time differences in onsets of pulsating aurora at Gillam and Fort Smith. The 
vertical axis shows differences in onset times of pulsating aurora observed at Gillam versus 
Fort Smith, with a positive time difference meaning that pulsating aurora was observed at 
Gillam first. The implication is that onsets evolve (spatially) away from a region that is 
nominally 1.6 hours after magnetic midnight (see explanation in the text). 
likely present. 
The bar graph in the foreground (yellow bars) includes only events which exhibited a 
clear start and end time; whereas the graph in the background (pink bars) includes events 
where either the start/stop time was obscured by cloud cover or the event beginning/end 
could not be determined due to camera shut off for sunlight or patch intensity being too dim 
to detect. The latter group mainly consists of long duration, morning time events which are 
still present at the time of camera turn off. Mean and mode duration values were calculated 
from the full event list for better statistics and therefore provide a lower boundary for the 
estimate. Still, the distribution of durations shown in the figure provides a lower limit for 
how long pulsating aurora can be expected to last (i.e., the persistence of the source). 
Of particular interest is the fact that the mode of the durations (90-120 minutes, all 
events; 30-60 minutes, clear start/stop) is somewhat comparable to the occurrence rate of 
substorm onsets, investigated by Borovsky et al. (1993), who concluded that for a certain 
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Figure 8-3: Distribution of event durations, as observed from a single camera at Gillam. 
class of substorms the most probable time between substorm onsets is 2.75 hours. Substorms 
are often observed to repeat on a timescale of 1 to 2 hours. This may suggest that, rather 
than being a part of the substorm recovery phase (lasting for tens of minutes), the pulsating 
aurora (often lasting for hours) may be disrupted by quasi-periodic substorms. 
8.4.3 Spatial occurrence distributions and temporal properties 
Figure 8-4 shows the occurrence distribution as a function of magnetic local time. Magnetic 
midnight is at the bottom of that figure, with dawn on the right-hand side. In the radial 
direction, the outside curve (green) shows the percentage of the total number of observing 
hours for which there are valid data (i.e., images acquired during periods of clear skies, etc). 
The inside curve (blue) shows the percentage of time that pulsating aurora was observed 
during the times of valid data. Note that this result is limited in the sense that in the dawn 
sector, sunrise causes the camera to be turned off. Therefore, statistics later than ~ 0600 
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Figure 8-4: Plot of occurrence rate with percentage on the radial axis vs. MLT with 
midnight at the bottom. The database includes observable data (green curve, i.e. outside 
curve) from as early as just before 1800 to around 600 MLT. The figure shows that the 
percentage of valid data that include pulsating aurora (blue curve, i.e. inside curve) increases 
dramatically near magnetic midnight to around 50% and continues to increase to around 
60% by around 0300 MLT and remains high into the morning hours. 
rates (see the blue, inside curve) near dawn is clear. 
The occurrence distribution determined with these data, maximizing at less than 60%, 
is less than that of both of (Kvifte & Pettersen 1969) and Oguti et al. (1981), who observed 
occurrences reaching more than 75% and 100%, respectively, at these same latitudes. It is 
important to note, however, that both of these previous studies were based on data acquired 
near solar maximum, while our study used data from a time with minimal solar activity. 
Also note that the sensitivity of the THEMIS ground cameras may not be sufficient to 
detect dim (less than roughly 1 kR) pulsating aurora events and thus our occurrence rates 
may be slightly underestimated; although it is not clear how the sensitivity compares with 
that of the cameras used for the Oguti et al. (1981) study for pulsating aurora emissions. 
As described above, pulsating aurora occurrences have been associated with the recovery 
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phase of substorms. In this data set, based only on optical signatures of an expansion phase 
in the Gillam camera, we determined that 69% of the pulsating aurora onsets occur following 
substorm breakup, with a greater likelihood for observing pulsating aurora after midnight 
(54% probability versus a 14% probability before midnight). While the remaining events 
appear to evolve from a region of diffuse aurora, of course, it may well be the case that 
a substorm had developed farther to the east or west and was simply not observed in the 
Gillam camera. However, analysis of THEMIS ASI mosaic movies for several long pulsating 
aurora events, with durations on the order of 6-8 hours in the Gillam camera, shows some 
instances of pulsating aurora with no obvious substorm precursor anywhere within the 
THEMIS ASI array. 
It is clear from the statistics that pulsating aurora events occur frequently, with occur-
rence rates increasing into the morning hours, and often lasting for several hours. This 
observation may also suggest that pulsating aurora is not strictly a part of the substorm 
recovery phase but is a distinct phenomenon that may be temporarily interrupted by the 
occurrence of substorms. 
8.5 Discussion and conclusions. 
Data from the THEMIS ASI array were used in a statistical study of pulsating aurora to 
better understand the large-scale spatial and temporal evolution of the associated source 
region with important implications for existing hypotheses. Three main aspects were eval-
uated including the relative onset times at two, adjacent stations for each pulsating aurora 
event, the distribution of event durations, and the occurrence rate vs. MLT, each of which 
has provided information regarding the relationship between pulsating aurora and auroral 
substorms. The main conclusions of the study are as follows: 
1. The source region of pulsating aurora drifts or expands westward, away from magnetic 
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midnight, for pre-midnight onsets; the spatial evolution is more complicated for post 
midnight onsets. These observations argue against the idea that the spatial evolution 
of pulsating aurora is tied to substorm-injected electrons. 
2. The duration of pulsating aurora events is highly variable with a most probable du-
ration of 90-120 minutes which may be related to the most probable time between 
substorms. The distribution includes many events with durations on the order of 
hours. This may indicate that pulsating aurora is a long lasting phenomenon that is 
interrupted by the development of auroral substorms. 
3. The study shows pulsating aurora on 74 of 119 days of clear optical data exhibit 
pulsating aurora and 69% of all optically observed pulsating aurora onsets at Gillam 
occur post substorm breakup. There is a far greater likelihood of observing pulsating 
aurora after midnight (54% probability versus a 14% probability before midnight). 
The frequency of events and the fact that only 69% of the events were preceded by 
substorm activity at Gillam (some without an obvious substorm precursor within the 
THEMIS ASI array) may also suggest that pulsating aurora is not strictly a substorm 
recovery phase phenomenon. 
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CHAPTER 9 
SUB-KEV ELECTRON SIGNATURES 
WITHIN PULSATING AURORA 
9.1 ROPA event 
The Rocket Observations of Pulsating Aurora (ROPA) mission took place in January/February 
2007, at the Poker Flat Research Range (65.1°, 212.5° geographic) near Fairbanks, AK. The 
objective of the mission was to study various aspects of pulsating aurora, with the use of a 
sounding rocket and a complete suite of ground instruments, including the newly developed 
Poker Flat Incoherent Scatter Radar (PFISR). 
The pulsating aurora event on the night of the ROPA launch, which occurred at 1245 UT 
(0108 MLT) on February 12, 2007, developed out of diffuse aurora which began to form 
at 1119 UT after a substorm breakup with pulsations starting at 1122 UT. Preliminary 
analysis of Poker Flat all-sky camera (ASC) data (white light) shows patches which are 
often eastwest elongated, including some pulsating arc segments, spanning up to tens of 
km and modulated with a period of around 6 s. The event lasted for just over 2 hours, 
gradually weakening in intensity over the duration. The pulsating aurora extended over 
roughly 65 - 67° ILAT, or from just south of Poker Flat to just north of Fort Yukon, AK. 
The ROPA sounding rocket measurements were taken from near the poleward edge of this 
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region and northward throughout the rocket flight (from 1245 to 1259 UT). 
9.2 ROPA and REIMEI Observations of Precipitating Elec-
trons 
The ROPA payload launched northward from Poker Flat, crossing the poleward boundary 
of the pulsating aurora and the diffuse electron plasma sheet as seen in the ROPA ESA 
measurements (see Figure 9-1). Previous measurements of electron precipitation associated 
with pulsating aurora have varied with many showing tens to perhaps a hundred keV, 
modulated populations. The ROPA ESA measured intermittent ~400 eV spatial structures 
(which will be referred to as sub-keV electron signatures) embedded within diffuse and 
pulsating aurora from around 214 to 240 seconds flight time. These structures are similar 
to those observed by Sato et al. (2004) and postulated by Williams et al. (2006) to be 
downward reflected secondary electrons, which were created by collisions of the primary 
electron plasma sheet precipitation with atmospheric particles. For ROPA, the sub-keV 
electrons appear to result from acceleration of secondary electrons above the spacecraft; a 
lack of dispersion in the measurements may suggest an acceleration region that is nearby 
but can also reflect a spatially localized acceleration region which is producing a continuous 
flux of accelerated electrons during the measurement. The short duration of the sub-keV 
signatures in the ROPA ESA data suggests fine spatial and/or temporal structure in the 
accelerating electric fields. Determining the source of these fields, collocated with pulsating 
and diffuse aurora, is a topic for further study. 
Approximately one hour before the ROPA launch, but during the same pulsating aurora 
event, the REIMEI satellite passed through the field-of-view of the Poker Flat all-sky cam-
era. The REIMEI ESA measurements also show widespread, diffuse electron plasma sheet 
precipitation with intermittent sub-keV spatial structures like those measured by ROPA. 
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Figure 9-1: Plot shows electron differential energy flux [cm2 s str eV/eV] measured by the 
ROPA HEEPS from 213 to 345 s into launch, near the poleward boundary of the pulsating 
aurora. Note the peak in energy at 6 keV as well as the intermittent population at ~400 eV. 
Fluxes are slightly underestimated due to assumption of an isotropic distribution. 
The REIMEI observations of pulsating aurora show that the optical pulsations are col-
located with structure in the diffuse plasma sheet electron precipitation (see Figure 9-2). 
From the REIMEI measurements there does not seem to be a clear relationship between 
the location of the optical pulsations and the sub-keV spatial structures, as observed by 
Sato et al. (2004) using FAST measurements of a similar event. However, it has been 
suggested that the sub-keV spatial structures tend to be embedded in the gaps between 
pulsating electron components. (Hirahara, 2008, COSPAR abstract: "Some cases indicate 
that small inverted-V-type electron signatures are embedded between each of the pulsating 
electron components, which may suggest that the increase of the ionospheric conductivity 
by pulsating auroral precipitations restrains the growth of the inverted-V structures.") It 
is not clear what, if any, relationship exists between the pulsating aurora and the observed 
sub-keV spatial structures. 
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Figure 9-2: Top panel: Allsky keogram with REIMEI trajectory, Middle panel: auroral 
brightness along the REIMEI trajectory, Bottom panel: REIMEI ESA measurements show-
ing diffuse electron plasma sheet precipitation, (preliminary version of Figure 2 of Samara 
et al. (2010), reprinted with permission from Annales Geophysicae) 
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9.3 Estimation of Accelerated Distribution 
In this work, we assume that the sub-keV electron signatures result from the acceleration 
of secondary electrons above the spacecraft by a parallel electric field. 
The transport of energetic electrons into the atmosphere can be described with a Boltz-
mann equation that equates the change in the electron-distribution function in a given 
phase-space volume to the changes in moving to a different altitude, changing the direc-
tion in elastic scattering, changing the energy in inelastic scattering, and the production of 
secondary electrons in ionizing collisions. The model of Lummerzheim & Lilensten (1994) 
uses the discrete-ordinate method to solve the energy degradation and electron transport 
problem and uses a multistream approach to solve for the electron intensity as a function 
of energy and altitude. 
For this study, the primary precipitation measured by ROPA is input to the Lum-
merzheim & Lilensten (1994) model to determine the distribution including secondary/ 
backscattered electrons created at some altitude above the spacecraft, in this case 500 km, 
where the constant potential is assumed to exist (note the secondary electron distribution 
has some dependence on altitude). The sub-keV electron signatures are then simulated 
by shifting this distribution function to higher energy by an amount corresponding to the 
assumed constant potential. This creates an unrealistic, sharp peak at the energy of the 
potential (see Figure 9-3) which would be unstable and would widen and decrease in energy 
as the accelerated electrons penetrate to lower altitudes. This final, accelerated distribution 
is converted to differential energy flux for comparison with the ROPA distribution measured 
within a sub-keV electron signature. This estimation is performed over a range of possible 
constant potentials from 200 to 500 V. If the above assumption is correct, the resulting 
modeled distribution should closely resemble the measured distribution from.within the 
sub-keV electron signature (see Figure 9-4). 
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Figure 9-3: Measured differential energy flux (red) inside (solid) and outside (dashed) of 
sub-keV signature, and modeled differential energy flux (black) before (dashed, starting 
below 10 eV) and after (solid, peaked at 500 eV) acceleration through 500 V potential. 
If the spacecraft passes below a 500 V potential one would expect to see associated 
structure in the lowest energies of the diffuse plasma sheet precipitation at around 1 keV. 
If the signatures correspond to a spatial feature, the structure in the sub-keV electron sig-
natures would be expected to match structure in the plasma sheet precipitation. Although 
structure is present in the plasma sheet precipitation it does not seem to correlate with that 
of the sub-keV electron signatures (see first plot in Figure 9-4). However, it seems likely 
that the sub-keV signatures measured during the ROPA event are a result of the downward 
acceleration of secondary electrons produced above the spacecraft by a nearby, parallel field. 
Therefore the intermittency of the features within the electron measurements is due to the 
small spatial scale of the local electric fields causing the acceleration, with the location of 
each signature corresponding to a localized acceleration region. 
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Measured Differential Energy Fiux (eVcm :s !str 'eV ') Example Modeled Differential Energy Flux 
Flight Time (sec) 
Figure 9-4: Figure on left shows log(differential energy flux) from ROPA ESA measurements 
as the rocket moved poleward through a pulsating aurora event. Figure on right shows 
example of modeled secondary electron acceleration as described in text. 
9.4 PFISR Observations of Sub-keV Electron Signatures 
The time resolution of the Poker Flat Incoherent Scatter Radar (PFISR) data from the 
ROPA mission (approximately 5 s) is not high enough to distinguish the pulsating behavior 
for the observed events (roughly 6 s period). Therefore, the PFISR data analysis provides 
averages over the pulsation "on" and "off' phases. Note that the PFISR beam used in this 
study consists of a 480 fxs long pulse interleaved with a 13 baud (10 fis) Barker code on 
two frequencies, allowing better than 1 km altitude resolution over the 50-200 km altitude 
range. 
The sub-keV electron signatures measured by the ROPA and REIMEI ESAs occur within 
the widespread region of diffuse and pulsating aurora but it is not clear that the location of 
these signatures is related to the location of the pulsating patches. PFISR observations of 
similar pulsating aurora on January 18, 2007 show, in some directions, high altitude electron 
density enhancements that likely correspond to sub-keV electron signatures (see Figure 9-
5). These density enhancements are measured by PFISR to occur at around 140 to 200 km 
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altitude above the ionospheric density enhancements corresponding to the diffuse/pulsating 
aurora, which occur at around 80 to 120 km. The sub-keV electron signatures, with energies 
in the hundreds of eV, produce secondary electrons as they penetrate into the ionosphere 
(see Figure 9-2 showing REIMEI upgoing secondary electrons at energies around tens of eV 
associated with the downgoing sub-keV electrons signatures). These signatures would also 
produce auroral emissions which, if bright enough, could cause difficulty in analyzing white 
light images of pulsating aurora as the luminosity associated with the two, possibly unrelated 
features (sub-keV signatures and pulsating patches) will be superimposed in the optical 
measurements. The higher altitude density enhancements associated with the sub-keV 
electron signatures more or less align with gaps between lower altitude density enhancements 
presumably caused by the pulsating patches. This assumes that the structure seen in the 
layer of ionospheric electron density enhancement is spatial, corresponding to the location 
of pulsating patches which are drifting past the PFISR beam, rather than temporal. This 
assumption is supported by an ISR study by Forsyth 1981, which showed that "for quite 
strong pulsations the electron content is modulated by less than 2%", whereas in this case 
the individual patches are separated by a reduction in ionospheric density of much greater 
than 2%. 
9.5 Discussion and Conclusions 
Hundreds of eV inverted-V type events have often been observed in ESA particle data from 
many spacecraft and sometimes within a region of pulsating aurora. It has been suggested 
that these signatures are the result of acceleration of secondary electrons, created by in-
teractions between the primary electron precipitation and atmospheric particles, through a 
constant potential somewhere above the spacecraft. 
The results of our modeling are as follows: 
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Figure 9-5: PFISR ionospheric electron density vs. altitude and time in two look directions 
(along local B and otherwise). 
1. The intermittent, hundreds of eV signatures seen within a region of widespread diffuse 
and pulsating aurora are likely created by the primary, diffuse electron plasma sheet 
precipitation and subsequent acceleration of downgoing secondary electrons at some 
altitude above the spacecraft. 
2. A lack of velocity dispersion in these accelerated, secondary electron signatures is 
consistent with an acceleration region that is not far from the spacecraft, or may 
suggest a lack of temporal variation in the associated accelerating field structure 
during the measurement. 
3. The spatial and temporal structure of the sub-keV electron signatures must reflect 




This dissertation presents the work of three studies pertaining to pulsating aurora. The first 
(Chapter 7) is a study of PFISR data taken during four separate periods of pulsating aurora. 
The data are analyzed, and compared with rocket measurements, to estimate the vertical 
thickness and altitude of pulsating patches, the precipitating electron distribution associated 
with the observed aurora, and the intensity of three auroral emissions associated with this 
precipitation, one of which is then compared with the auroral brightness obtained from 
meridian scanning photometer measurements. The second (Chapter 8) is a statistical study 
of pulsating aurora using THEMIS ground camera images to determine the distribution of 
durations of pulsating aurora events, the spatial and temporal evolution of the region of 
pulsating aurora for each event, and the occurrence rates for pulsating aurora vs. MLT. 
And the third (Chapter 9) is a preliminary study of sub-keV electron signatures within 
pulsating aurora as measured by Rocket Observations of Pulsating Aurora. 
Theories have been proposed to explain possible mechanisms for imposing modulations 
on the electron precipitation causing pulsating aurora. For the most part, these theories are 
based on pitch-angle diffusion of electrons via wave-particle interactions between the source 
electrons and local VLF waves. However, the source of waves and the source of particles 
for the interaction are unknown. The main topic addressed in this work is the following: 
What is the source of the tens of keV electrons causing pulsating aurora? and are they 
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substorm accelerated electrons? A related question addressed specifically by this work is 
does the large-scale spatial and temporal structure relate to any large scale magneto spheric 
structures /processes? It has been speculated that pulsating aurora is tied to the injec-
tion of high energy electrons which occurs during magnetic substorms; however, previous 
observations have not sufficiently established a link between the two, and recent analyses 
(including Jones et al. (2009) and Samara et al. (2010)) have implied a link between diffuse 
and pulsating aurora. These topics are addressed in the context of observations presented in 
Chapters 7 and 8. Another question discussed in the context of Chapter 8 is how important 
is pulsating aurora to magneto sphere-ionosphere coupling? Previous studies showed that 
pulsating aurora is a frequently occurring phenomenon which spans widespread regions. 
The observations in Chapter 8 better quantify the occurrence rate vs. MLT and the typical 
duration of pulsating aurora events. 
The results of a secondary study regarding sub-keV features within measurements of 
pulsating aurora were presented in Chapter 9. 
10.1 Poker Flat Incoherent Scatter Radar and Rocket Ob-
servations of Pulsating Aurora 
Previous observations have shown that pulsating aurora sometimes occurs with patches of 
a vertical extent that is thinner than would be expected for aurora caused by collisional 
processes, implying that local ionospheric processes are important in causing the narrow 
luminosity enhancement. However, PFISR data from four pulsating aurora events, during 
the ROPA mission in January and February 2007, show that the electron density profile 
associated with the pulsating patches had a thickness of 15 to 25 km in all four cases and 
that, therefore, these are not examples of such thin enhancements. A numerical model 
of the associated volume emission rates for the night of the ROPA launch supports this 
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conclusion. In the process of modeling the volume emission rates, the PFISR data are 
inverted to calculate the associated electron energy distribution for comparison with in situ 
electron measurements from ROPA and the REIMEI satellite. The modeled distribution 
shows a diffuse plasma sheet population which gradually decreases in energy over the course 
of the event, resulting in 6 to 8 keV precipitation by the end of the PFISR data interval, 
in agreement with the ROPA and REIMEI measurements. The observations show that 
there is a large amount of variability in the altitude of the peak ionospheric electron density 
enhancement due to pulsating aurora, both from one event to the next and over the course 
of a single event, suggesting a corresponding variability in the energy distribution of incident 
electrons causing the pulsating aurora. For the ROPA event, the estimated higher energy 
precipitation showed a gradual decrease in energy, which coincided with a gradual weakening 
in the pulsating aurora. 
During the ROPA mission, all-sky camera observations often showed diffuse aurora pre-
ceding pulsating aurora, with patches developing within the diffuse aurora and over time 
beginning to pulsate. For the February 12 event, measured and calculated precipitating 
electron distributions show the pulsating aurora collocated with widespread diffuse aurora. 
The PFISR calculated ionospheric electron density profiles show a peak in density corre-
sponding to approximately 5 keV precipitation, as shown via numerical inversion. This 
corresponds to the electron plasma sheet precipitation causing diffuse aurora. However, 
PFISR also shows increased electron density enhancement below this peak which likely cor-
responds to the pulsating aurora. This may suggest that the pulsating aurora is, at least in 
part, caused by increased scatter of the highest energy diffuse plasma sheet electrons, which 
would suggest that pulsating aurora is actually a subset of diffuse aurora. Thus, it seems 
likely that the presence of diffuse aurora is a requirement for the development of pulsating 
aurora. 
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10.2 Statistics of the Source Region for Pulsating Aurora 
Data from the THEMIS ASI array were used in a statistical study of pulsating aurora to 
better understand the large-scale spatial and temporal evolution of the associated source 
region with important implications for existing hypotheses. Three main aspects were eval-
uated including the relative onset times at two, adjacent stations for each pulsating aurora 
event, the distribution of event durations, and the occurrence rate vs. MLT, each of which 
has provided information regarding the relationship between pulsating aurora and auroral 
substorms. 
Most importantly, it would seem that the large-scale region of pulsating aurora does 
not coincide with the drifting, substorm-injected electron cloud and that substorm activity 
may not be a necessary precursor for pulsating aurora. The former is supported by the fact 
that the source region of pulsating auora drifts or expands eastward, away from magnetic 
midnight, for pre-midnight onsets, but the spatial evolution is more complicated for post 
midnight onsets. If the widespread region of pulsating aurora is collocated with the drifting 
cloud of substorm-injected electrons the result would be a less complicated drift pattern. 
The latter, that pulsating aurora is not always triggered by substorm activity, is supported 
in part by observations of pulsating aurora persisting for >9 hours, which clearly shows 
that pulsating aurora is not strictly a substorm recover phase phenomenon and that, subse-
quent to its development during substorm breakup, it can persist without further substorm 
activity. Note that the observed durations are in many cases underestimated due to cloud 
cover and sunlit conditions requiring camera turn-off. Also, observations during the ROPA 
mission suggest that the pulsating aurora decreases in brightness over time so some of the 
longer durations may also be underestimated due to the aurora dimming to intensities below 
the sensitivity of the THEMIS cameras. 
The observed distribution of durations for pulsating aurora events, shows that the most 
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probable duration is between 90 and 120 minutes which may be related to the most probable 
time between substorms. This appears to suggest that, at least locally, pulsating auroral 
activity is temporarily interrupted by substorm development. The study shows that pul-
sating aurora occurred on 74 out of 119 days of clear optical data and 69% of all optically 
observed pulsating aurora onsets occur post substorm breakup at Gillam. Of the 69%, some 
events developed without an obvious substorm precursor within the THEMIS ASI array, 
which may also suggest that pulsating aurora is not strictly a substorm recovery phase 
phenomenon and that substorm activity is not always a necessary trigger for pulsating 
aurora. 
10.3 Sub-keV Electron Signatures Within Pulsating Aurora 
The Rocket Observations of Pulsating Aurora (ROPA) sounding rocket was launched on 
February 12, 2007 at 12:45:04 UT from Poker Flat Research Range, AK into a region of 
pulsating aurora. ESA data from the ROPA and REIMEI spacecraft (at altitudes of approx-
imately 450 km and 650 km respectively) show sub-keV, downward accelerated structures 
within a region of widespread, diffuse plasma sheet precipitation. These observations are 
consistent with Sato et al. (2002, 2004) who show FAST measurements of sub-keV inverted-
V structures collocated with pulsating aurora. Williams et al. 2006 show observations of 
modulations of sub-keV electrons in phase with auroral pulsations and concluded that the 
upgoing secondary electrons created by the high energy precipitation are reflected back 
downward by a local electric field. In the case of ROPA, the sub-keV electron signatures 
appear to be the result of secondary / backscattered electrons resulting from the primary, 
plasma sheet precipitation that are then accelerated through a potential at some altitude 
above the spacecraft. 
The ROPA ESA measured precipitating electron distribution function from just outside 
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of the sub-keV electron signature was used as input to a model which estimated the electron 
distribution at altitudes above the spacecraft which would have produced the measured dis-
tribution after interacting with the atmosphere. This estimated distribution function curve 
was then shifted to higher energy to simulate acceleration through a constant, parallel elec-
tric field and, as part of a future project will be input to the electron transport model to 
estimate the resulting distribution at spacecraft altitude. This estimated, accelerated distri-
bution is then compared with ROPA ESA measurements from within the sub-keV electron 
signature. Preliminary results seem to support the hypothesis that the measured sub-keV 
electron signatures are a result of the acceleration of secondary electrons that were produced 
at altitudes above the spacecraft through a parallel electric field somewhere between this 
location and the spacecraft. Thus the intermittency of the sub-keV signatures seen in the 
ROPA measurements would reflect structure in the accelerating potential, suggesting small 
scale, local electric field structure above the spacecraft. A lack of velocity dispersion in the 
hundreds of eV signatures is consistent with an acceleration region that is not far from the 
spacecraft, or may suggest a lack of temporal variation in the associated accelerating field 
structure during the measurement. The lack of velocity dispersion is something that needs 
to be considered further. 
10.4 The Importance of Pulsating Aurora 
One particular example highlights the significance of pulsating aurora to magnetosphere-
ionosphere coupling. THEMIS ASI observations from February 2, 2008 record a pulsating 
aurora event following what appears to have been substorm activity to the north and west 
starting at around 0200 UT as seen in the Nain camera at the eastern edge of the ASI 
array. Over the course of the next hour, the widespread region of pulsating aurora was 
seen to gradually expand westward (while still pulsating at Nain) to the Umiujag, Gillam, 
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and Fort Smith cameras which are along roughly the same magnetic latitude. Cloud cover 
makes it difficult to determine exactly when the pulsating aurora expanded to the western-
most stations but substorm activity occurring at around 0443 UT significantly increased 
the brightness of the observed auroral pulsations, which had certainly been affected in some 
way by the substorm. Over the course of the night pulsations became visible in the western-
most cameras and presumably had been occurring for some time. At this point, certainly 
by 0630 UT, the region of pulsating aurora extended across the entire THEMIS ASI array 
and most likely extended beyond the field-of-view of the array such that the pulsating 
aurora spanned at least 9 hours in MLT. The pulsations continued across the entire array 
even as the easternmost cameras turned off due to sunlight (starting at around 1020 UT) 
suggesting that the pulsating aurora extended into the dayside and was not strictly bound 
to the nightside magnetosphere. The pulsations continued until the western-most cameras 
at McGrath and Kiana, AK turned off at around 1700 UT. 
This appears to have been one continuous pulsating aurora event which gradually ex-
panded westward from a region which may have been outside of the field-of-view of the 
easternmost THEMIS camera. From start to finish the event lasted longer than 15 hours 
with pulsating occurring across the entire ASI array for at least 4 hours, during which all 
cameras were operational, and most likely for much longer. If pulsating aurora is directly 
tied to diffuse aurora, as the observations presented in this dissertation seem to suggest, the 
auroral pulsations may be able to occur and expand throughout the entire auroral oval. It 
is also clear that substorm activity does in some way affect pulsating aurora and therefore, 
it is necessary that theories of pulsating aurora can account for the relationship between 
the two. 
Our observations suggest that the Flowing Cyclotron Maser theory provides a reasonable 
description of pulsating aurora. The obvious relationship between diffuse and pulsating 
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aurora is not surprising in the context of FCM theory which requires a certain ionospheric 
electron density minimum for the development of pulsating aurora. This theory must be 
tested further using conjugate ground and spacecraft measurements of pulsating aurora. 
Since the theory may also be applied to other phenomena, including other types of auroral 
modulations, the study of pulsating aurora helps to determine the applicability of FCM 
theory under a variety of circumstances. 
Pulsating aurora is an important phenomenon in part because of its frequent occur-
rence (multiple nights per week during the ROPA launch window) and its huge spatial 
range and long duration (>9 hours MLT and >9 hours in duration) resulting in long-term 
and widespread luminosity corresponding to a significant transfer of power from the mag-
netosphere to the ionosphere. Thus the idea of pulsating aurora being a fairly localized 
process tied to the substorm recovery phase is no longer valid, it is clear that pulsating 
aurora is a widespread, perhaps global, phenomenon which may be comparable to diffuse 
aurora in its importance to magnetosphere-ionosphere coupling and dynamics. 
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